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Abstract
Deep-inelastic reactions between ⇠6.2 MeV/A 136Xe ions and a thick 186W target
have been used to investigate excited states in neutron-rich tantalum isotopes,
establishing new structures in 182Ta and 183Ta. Spins and parities were determined
from angular correlations, internal conversion coe cients deduced from intensity
balances, and consideration of transition strengths. The structure and configuration
assignments have been established from the measured magnetic properties and
aligned angular momenta of the observed rotational bands, as well as comparison
with multi-quasiparticle calculations. Multi-quasiparticle calculations using ad-
justed Nilsson energies and a Lipkin-Nogami pairing model were performed for the
series of tantalum nuclei between A=181 and A=185.
The previously known 1300 ns isomer in 183Ta was fully characterised with its
energy deduced as 1332 keV, a new lifetime of 1200(140) ns, and a K⇡ = 19/2+
assignment. Several new multi-quasiparticle states, including two isomers with ⌧=
41(5) ns, K⇡ = 29/2  and ⌧=70(4) ns, K⇡ = 41/2 , have been further identified
and found to be feeding the 1200 ns isomer. From the multi-quasiparticle calcu-
lations, a three-quasiparticle configuration was assigned to both the K⇡ = 19/2+
and 29/2  isomers, while the upper-most isomer at 41/2  was established to have
a five-quasiparticle nature.
The out-of-beam   ray coincidence data revealed a new level structure in coincidence
with tantalum X-rays. Measurements of the magnetic properties of this structure
from branching ratios, together with the yields from various data sets using 186W,
185Re, 187Re and 192Os targets, enabled an isotopic assignment of this structure to
182Ta. Three isomeric states were found to be feeding the known 10  isomer in
182Ta. A rotational band built on the 10  isomer has been observed and is found to
be fed by a new 14+, 356 ns isomer at 1950 keV. Several intrinsic states above this
v
vi
isomer are also identified. Firm spins and parities have been established up to the
14+ isomeric state. Due to limited spectroscopic information, the spins and parities
for the levels above this isomer are tentative.
The structure of 182Ta and 183Ta has also been investigated by comparing the
measured transition strengths with similar transitions in the mass region. Most
of the transition strengths are in good agreement with expectations in the region,
except for a few cases of E1 decays that are anomalous. Possible explanations for
some of these anomalous transition strengths have been discussed.
There are few cases where the predicted yrast states are not observed experimentally
in both 182Ta and 183Ta and possible explanations are given.
Both the calculations and experimental results suggest a high density of intrinsic
states occurs along the yrast line at high excitation energy in both nuclei. This
pattern seems to emerge in the more neutron-rich tantalum isotopes, resulting in a
more complex level scheme that is di cult to interpret.
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Chapter 1
Introduction
The atomic nucleus is a microscopic system comprised of protons and neutrons,
collectively known as nucleons, that interact primarily via the long-range Coulomb
and the short-range strong nuclear forces. The nucleons exist inside the nucleus
in certain allowed energy levels within an average potential created by the other
nucleons, known as the mean field. These energy levels show large gaps that corre-
spond to filled major shells for both proton and neutrons. For the nuclei with closed
shells, the number of protons (Z) and neutrons (N) are equal to 2, 8, 20, 28, 50, 82
or 126; where their sum N + Z gives the mass number, A, of the nucleus. These
nucleon numbers are known as magic numbers. Although all these magic numbers
have been confirmed for neutron shell gaps, the next shell gap for protons above
Z=82 is still a matter of debate. Nuclei can take a variety of shapes depending on
the total number of protons and neutrons. Those in the region of Z and N equiva-
lent to magic numbers usually take spherical equilibrium shapes, but further away
from these numbers where shells are partially filled, the nuclei acquire permanent
deformation; the latter case will be discussed in more detail in chapter 2.1. The
present research is focused on the rare-earth elements around mass-180, known to
be prolate deformed and generally axially symmetric in shape.
Di↵erent energy states are found within the nucleus that depend upon the arrange-
ment of nucleons within the mean field. The orbitals that the nucleons occupy are
defined by specific quantum numbers. In spherical nuclei, the single-particle an-
gular momentum j is a good quantum number, while for axially deformed nuclei
the projection jz = ⌦ along the symmetry axis, z, can be defined (see Chapter 2).
Figure 1.1(a) illustrates the single-particle angular momentum j and its projection
⌦ for the unpaired nucleon in an odd-A prolate nucleus. For several unpaired nu-
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Figure 1.1: Total angular momentum projection along the symmetry axis in the case of
(a) a single particle and (b) the coupling of three particles, illustrating K =
P
⌦i.
cleons, the coupled total angular momentum has a spin projection that is denoted
by a quantum number, K, where K = ⌦1 +⌦2 +⌦3 + ........+⌦i, see figure 1.1(b).
Excited states in nuclei can originate from excitation of individual valence nucleons
between energy levels or through the collective behaviour of nucleons such as rota-
tional or vibrational motion [Kra88]. For each arrangement of nucleons in deformed
nuclei (the particle configuration), collective motions can occur in the form of surface
vibrations or collective rotation (the latter usually around the axis perpendicular
to the symmetry axis). Collective modes within the nucleus (be it rotational or
vibrational) can be coupled to single/multi-quasiparticle states (see section 2.1.4)
and are manifest as a band structure built upon the non-collective level known as
a band head [Boh75]. The de-excitation of collective motion is characterised by a
cascade of internal transitions through excited states to the band head. By mea-
suring the properties of these transitions such as   ray energies, angular momenta,
transition strengths and emission sequences, information such as magnetic g-factors
for intrinsic states, electric quadrupole moments and the shapes of the atomic nuclei
can be obtained.
1.1 Scope of the current work
The single particle orbitals for nuclei in the region of A⇡180 include high-⌦
orbitals that lies close to both the proton and neutron Fermi surfaces. The high-K
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states that result from coupling these high-⌦ orbitals can undergo decays via
transitions that involve a change in K quantum number between the initial and
the final states,  K, that is greater than the transition multipolarity,  , i.e.
 K >  . Such transitions are, in principle, forbidden. However, in practice they
provide a large degree of hindrance to the decay probability of the transition
that is characterised by the forbiddenness, ⌫ =  K    . With the decreasing
transition rate for every extra unit of ⌫ for such hindered transitions [Lo¨b68],
long lifetimes ranging from a few nanoseconds to years can be observed for the
decayingK-states [Wal99, Wal01]. These metastable states are known asK-isomers.
The identification and characterisation of these isomers together with other, non-
isomeric, multi-quasiparticle states can reveal important information on nuclear
structure, including shapes, since the behaviour of the K quantum number in
the region from A⇠180 to A⇠190 will change as the nuclear shapes are expected
to change from prolate to triaxial shapes [Ste05, Rob09, Nom11]. Despite the
long-standing theoretical predictions for the existence of K-isomers around the
neutron-rich mass-180 region [A˚be78], experimental information has been mainly
limited to neutron-deficient nuclei due to their easy accessibility from fusion-
evaporation reactions.
Experimental access to the neutron-rich nuclei has been restricted mainly by lack of
stable beams and targets for these reactions, as well as the preference for neutron
over proton evaporation in this region of the nuclear chart. Such limitations
have resulted in a lack of experimental information on high-K isomers and the
competing collective degrees of freedom expected in this mass region. Recently,
studies using deep-inelastic [Bro06] and fragmentation reactions [Pfu¨98] with
heavy-ion projectiles, in conjunction with large  -ray detector arrays, have proven
to be successful in populating higher spins and high-K isomers in neutron-rich
isotopes. The majority of these structures have been observed in isotopes of
erbium, lutetium, hafnium, tantalum, rhenium as well as osmium isotopes (see, for
example, Refs. [Dra96, Dra09, Dra06a, Kon09, Dra04, Dra10a, Whe01, D’Al99,
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Lan09, Lan10, Dra12] and references therein).
The research perfomed for this thesis had the goal of revealing new information
on high-spin states, isomerism and shape changes in the neutron-rich tantalum
nuclei. The heaviest stable tantalum nucleus is 181Ta and little is known concerning
high-spin states in isotopes heavier than 182Ta, with the exception of a ⌧=1300 ns
isomer in 183Ta [Shi09], the K⇡ = 21/2  isomer in 185Ta [Lan09] and ⌧ = 32 s and
⌧ > 7.2 min isomers (but no  -ray transitions) in 187Ta [Ree10]. No excited state
information is known for 184Ta and 186Ta.
Deep-inelastic reactions and the GAMMASPHERE array [Nol94, Jan96] were used
to discover new structures in 182Ta and 183Ta. The current work is part of an
ongoing program by the ANU spectroscopy group and its international collaborators
with the aim of exploring the structures of the poorly studied, neutron-rich nuclei
in this region using deep-inelastic reactions. One of the major goals is to map how
the nuclear structure evolves with deformation or with increasing Z and N numbers
in this region, as well as better understand the nature of the K-quantum number.
Chapter 2 describes various theoretical models relevant to the current studies. De-
tailed experimental methods used in this work are presented in Chapter 3. Chapters
4 and 5 covers the results and analysis for 182Ta and 183Ta, respectively. This is fol-
lowed by details of multi-quasiparticle calculations and configuration assignments in
Chapters 6 and 7, respectively. Discussion of these results in Chapter 8, precedes
the summary and conclusions that are presented in Chapter 9.
Chapter 2
Theory
Most of the theories used to explain nuclear structure are based on knowledge con-
cerning the nature of the forces between nuclear constituents and on techniques
for applying the laws governing these forces in many-body systems. This chapter
gives a brief account of the some of these theories, focussing on nuclear models that
are applicable to deformed nuclei. These include the Nilsson, particle-rotor and
nuclear-pairing models, although brief mention is also made concerning spherical
nuclei.
2.1 Nuclear structure models
2.1.1 Spherical shell model
One of the key pieces of experimental evidence for the existence of nuclear shells
was the observed gradual increase in neutron and proton separation energies, except
for sudden drops at Z and N values of 2, 8, 20, 28, 50, 80 and 126, now known as
the magic numbers. Figure 2.1 shows two-proton separation energies for isotonic
series and two-neutron separation energies for isotopic series [Kra88, Wap77]. The
discontinuities at the magic numbers were linked to the filling of nuclear shells
and this led to the development of the shell model. This model best describes
the independent motions of nucleons in nuclei consisting of closed shells with
a few extra nucleons outside (particles) and/or a few nucleons short of (holes)
closed shells. This model is analogous to the atomic shell model that describes the
arrangement of electrons in an atom.
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Figure 2.1: .
Two-proton separation energies for isotonic series (top) and two-neutron separation
energies for isotopic series (bottom). The sharp discontinuities corresponding to the
filling of major shells are clearly visible. The figure is adapted from Ref. [Kra88],
with the data originally from Ref. [Wap77].
In the nuclear shell model, the particles are assumed to be moving inside an average
spherical potential created by the nucleons themselves and their mutual interac-
tion [Rin80]. The potential adopted to represent the nuclear mean field can be
based upon a particular geometric model, such as a harmonic oscillator, or can be
derived self consistently from an e↵ective interaction. Whatever potential is cho-
sen needs to be able to reproduce all the nucleon shells from the three dimensional
solution of the Schro¨dinger equation. Approximations from harmonic oscillator or
infinite well potentials can only reproduce experimental observations for low magic
numbers, with major discrepancies at high energy levels. Also, the choice of any of
the above mentioned potentials implies an infinite separation energy for the nucle-
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ons, which is unphysical. The Woods-Saxon potential [Woo54] with an additional
spin-orbit term as proposed by Haxel [Hax49] and Mayer [May50a, May50b] gives
a good approximation of the spherical nuclear potential. The spin-orbit term that
arises from the coupling of the nucleon orbital angular momentum l and its intrinsic
spin s, results in the splitting of each of the l levels into two levels with j = l + s
and j = l   s, each with degeneracy of 2j + 1. The spin-orbit term also lowers the
energies of each of the j = l + s orbits su ciently so that, at least in the higher
shells, it is brought down amongst the levels of the next lower shell. It is this feature
that correctly reproduces an energy level spectrum having gaps at the seven known
magic numbers. The shell model explains well the features of nuclei in the vicinity
of closed shells, but fails for nuclei far from magic numbers.
2.1.2 Nuclear deformation
Nuclei in the regions far from filled neutron and proton shells are known to have
substantial distortions from spherical shape as a result of large numbers of nucle-
ons occupying the partially filled shells. The shapes of these deformed nuclei can
generally be described in terms of their radius being an expansion in terms of the
spherical harmonics, Y µ(✓, )
R(✓, ) = Rav[1 + ↵00 +
1X
 =1
 X
µ=  
↵ µY µ(✓, )], (2.1)
where ↵ µ are the expansion coe cients, Rav represents the radius of a spherical
nucleus with the same volume, and ✓ and   are angular coordinates of a point on
the nuclear surface. The two quantities   = 0, 1, 2, ....,1 and µ =   , ......,+ 
define the deformation shape. The ↵00 term corresponds to changes in the nuclear
volume, while  =1 terms describe a translation of the centre-of-mass of the nucleus.
Due to incompressibility of the nucleus, the volume of the nucleus must be constant,
hence ↵00 = 0, while the ↵1µ terms can be omitted when describing the shape of a
deformed nucleus. Most deformed nuclei are known to be dominated by permanent
quadrupole deformation corresponding to  =2 so that the radii for these nuclei can
be written as
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R(✓, ) = Rav[1 +
X
µ
↵2µY2µ(✓, )]. (2.2)
The five possible deformation parameters ↵2µ can be reduced to just ↵20 and ↵22 by
taking ↵2 2=↵22 and ↵2 1 = ↵21=0 [Rin80]. It is therefore convenient, to represent
the two deformation parameters ↵20 and ↵22 in terms of two new shape parameters
( 2,  ) using
↵20 =  2 cos  , (2.3)
↵22 =
1p
2
 2 sin  , (2.4)
where  2 corresponds to the magnitude of the nuclear quadrupole deformation,
while   corresponds to the degree of axial asymmetry. The parameter   ranges
from 0o to 360o, with  -values equivalent to the multiples of 60o representing the
axially symmetric nuclei (prolate or oblate), while   between these values denotes
triaxial shapes. Prolate deformed nuclei are characterised by   = 0o, 120o and 240o,
while   = 60o, 180o and 300o correspond to oblate deformation [Eji89, Rin80]. The
full range of shapes are described by the   = 0o to 60o range. Other regions are
rotations of these shapes with di↵erent choices of symmetry axis.
Other deformation parameters related to  2 are often encountered, these include
the ",   or "2/"4 parameters used in various forms of the Nilsson model, see section
2.1.3.
2.1.3 Nilsson model/deformed shell model
Independent motion of nucleons still occurs in the deformed system. The model
based description of single-particle motion in deformed nuclei first requires the choice
of an appropriate deformed potential and an e↵ective interaction. The first successful
shell model calculations for a deformed nucleus were perfomed by Nilsson [Nil55].
He assumed the nuclear potential was a deformed (spheroidal) harmonic oscillator
defined by [Nil69]
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Vosc =
M
2
[!2?(x2 + y2) + !2zz2], (2.5)
where !? and !z are oscillator frequencies, with !? = !x = !y 6= !z. In the
case of an axially symmetric potential, it is convenient to introduce the deformation
parameter "2 [Nil69, Nil95], related to the oscillator frequencies by
!z = !o("2)(1  2
3
"2), (2.6)
!? = !o("2)(1 +
1
3
"2). (2.7)
The deformation parameter is defined such that "2 > 0 corresponds to prolate shape
and "2 < 0 to oblate deformation, and its magnitude is related to the coordinate  
referred to above via "2 ' 0.95 2 [Nil55]. In order to obtain good agreement with
experimental observations, Nilsson added two terms Clˆ·sˆ andD(lˆ2  < lˆ2 >N) to the
potential, leading to the following single-particle Hamiltonian for axially symmetric
nuclei
Hˆsp =   h¯
2
2m
4+m
2
(!x
2 + !y
2 + !z
2)  Clˆ · sˆ D(lˆ2  < lˆ2 >N). (2.8)
Two constants,  and µ, together with h¯!0, define the values of C =  2h¯!0 and
D =  h¯!0µ. The C term is the familiar spin-orbit force similar to the spherical
shell model, while the D term shifts the levels with high l-values downwards so as
to partially mimic the e↵ect of a finite depth potential. For large deformations, the
lˆ · sˆ and lˆ2 terms can be neglected and the quantum numbers, N , nz, ⇤, P of the
anisotropic harmonic oscillator are well defined and can be used to characterise the
single-particle states in deformed nuclei [Rin80]. Each of these so-called “Nilsson”
states are labelled by [Nnz⇤
P
] or equivalently, ⌦⇡[Nnz⇤]. Figure 2.2 shows the
relationship between some of these quantum numbers. The ⌦ = ⇤ +
P
denotes
the projection of the single-particle angular momentum (j) along the Z 0 axis; by
convention this is the symmetry axis for axially symmetric nuclei. ⇤ and
P
are the
projections of the orbital angular momentum lˆ and the intrinsic spin sˆ, respectively,
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along the symmetry axis (note that
P
= ±1/2). N is the principle quantum
number that denotes the major shell, with nz being the number of nodes in the
wavefunction along the Z 0 axis. The quantum number ⇡ denotes the parity of each
level, and is given by (-1)l.
X’ 
Z’ 
j 
!"#$$%&'()*&+),'&),-./$''
! 
s 
l 
! " 
Figure 2.2: Quantum numbers for motion of a single nucleon within an axially deformed
potential with symmetry axis Z’.
Figure 2.3 and 2.4 illustrate the deformed single-particle energies plotted as a
function of the deformation parameter "2 for protons and neutrons, respectively. In
each of these Nilsson diagrams, the levels are labelled by ⌦⇡[Nnz⇤] as described
above. It can be noticed that the single-particle levels that are determined by
the angular momentum j in the spherical shell model at zero deformation, split
into (2j+1)/2 states with eigenvalues ±⌦, in deformed nuclei. Due to reflection
symmetry in the deformed nucleus, levels with +⌦ and -⌦ will have the same energy,
giving the levels a maximum occupancy (degeneracy) of 2. Another important
feature of Nilsson states is that with increasing values of ", the levels can change
their slopes. This is due to interactions between any two levels with the same ⌦
and ⇡ values so that, as a rule, the two orbitals never cross, but rather repel each
other. See, for example, the 5/2+[402] and 5/2+[642] orbitals at " ⇠0.4 in Fig. 2.3.
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In the vicinity of the crossing, the experimental levels are a mixture of the two
component wavefunctions.
For most configurations in the region around mass-180, the equilibrium de-
formed shapes possess axially symmetry, which enables the Nilsson model to be
e↵ective for investigation of the nuclear structure in this region.
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Figure 2.3: Nilsson diagram for proton numbers 50  Z  82. The solid lines correspond
to orbitals with positive parity, with dashed lines indicating negative parity. Figure taken
from Ref. [Fir99].
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14 Theory
2.1.4 Pairing correlations
The pairing force is another important interaction that a↵ects the structure in all
nuclei. The pairing interaction is a short range force that favours the anti-parallel
coupling of two particles in the same j state, to form a J⇡ = 0+ state. The existence
of the pairing interaction has been linked to numerous experimental observations
such as the fact that all even-even nuclei have a J⇡ = 0+ ground state, there is an
energy gap between the nuclear ground state and the multi-quasiparticle states in
even-even nuclei (pair-gap), and the disappearance of this gap in odd-A or odd-odd
nuclei. The tendency of even-even nuclei to have greater binding energy than their
neighbouring odd-even nuclei is also linked to nuclear pairing. Furthermore, the
fact that the nuclear moments of inertia are reduced compared to the rigid-body
estimate is also a consequence of pairing interactions [Cas00, Fe´n02].
The pairing interaction scatters pairs of particles to nearby orbitals, keeping them
coupled in a time-reversed pair. In the absence of pairing, the lowest energy state
will have all the nucleon orbitals filled up to the so-called Fermi energy, with all
higher levels being empty. This particle-pair scattering has the e↵ect of smearing
out the level occupancy such that a sharply defined Fermi surface is no longer
applicable. Moreover, the presence of a single particle in a given orbit blocks
the scattering of pairs into it and prevents these levels from participating in the
scattering process; this is referred to as ”pair blocking” [Sol61].
The pairing correlation has to be taken into account in order to make meaningful
comparisons to experimental observations. In the theoretical treatment of pairing
correlations in, for example, a neutron-neutron or proton-proton paired system, the
total Hamiltonian can be expressed in terms of the single particle term Hˆsp and the
pairing interaction term, Hˆpair [Zen83, Bur96]
Hˆ = Hˆsp + Hˆpair =
X
i>0
✏i(a
†
iai + a
†
i¯ai¯) 
X
i,x>0
Gxia
†
xa
†
x¯ai¯ai, (2.9)
where ✏i are the single-particle energies, the index i¯ denotes the time-reversed
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state of i, with i representing all the quantum numbers that specify a given
single-particle orbital (e.g ⌦⇡[Nnz⇤] in Nilsson states). a
†
i and ai are the pair
creation and annihilation operators, respectively, while G is the average strength of
the nuclear pairing interaction.
Following the approximations by Bohr, Mottelson, and Pines [Boh58] that the ob-
served e↵ects of nucleon pairing are similar to those of electron pairing in supercon-
ductors, the Bardeen-Cooper-Schrie↵er (BCS) theory of superconductivity [Bar57]
was first applied by Belyaev [Bel59] to investigate the e↵ect of pairing correlations
on various properties of nuclei. Within the BCS approach, the ground state of an
even-even nucleus can be represented by the BCS wavefunction [Rin80]
|BCSi ⌘Y
i>0
(ui + viai
†a†i¯ )|0i, (2.10)
where the parameters ui and vi have to satisfy the normalization condition u2i + v
2
i =
1. These parameters are determined by variation (minimisation) of the energy, with
the restriction that the expectation value of the particle number operator Nˆ is equal
to the actual particle number, N . When dealing with the nuclear system, one major
drawback with the above assumption is that the BCS wavefuction does not conserve
the number of particles under investigation, hence errors in deducing quantities
such as excitation energies and the pairing gap inevitably occur. One possible way
of addressing this problem is to modify the original Hamiltonian in equation 2.9 by
introducing a Lagrange multiplier   and the particle (nucleon) number operator Nˆ
to obtain a new form for the BCS Hamiltonian
H 0 ⌘ Hˆ    Nˆ =X
i>0
(✏i    )(a†iai + a†i¯ai¯) 
X
i,x>0
Gxia
†
xa
†
x¯ai¯ai. (2.11)
Using the Lagrange multiplier variational method, the BCS ground state can be
evaluated from the minimization of the expectation value of equation 2.11, thus
giving the occupation (vi) and non-occupation (ui) probabilities as
v2i =
1
2
{1  ✏i    q
(✏i    )2 + 2
}, (2.12)
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u2i =
1
2
{1 + ✏i    q
(✏i    )2 + 2
}, (2.13)
where   denotes the Fermi energy that lies in the region between the previously
occupied and unoccupied energy levels.   is the pair gap energy related to the
pairing strength G and the occupation probabilities through
  = G
X
i 6=ij
uivi, (2.14)
with ij refering to singly occupied (blocked) orbitals. Values of G are di↵erent for
neutrons and protons and tend to decrease with mass. They can be estimated by
Gp =
17
A
(MeV), Gn =
23
A
(MeV) (2.15)
for proton and neutron pairs, respectively [Cas00]. The lower values of Gp are due
to Coulomb repulsion. The value of   is typically given by (  ⇡ 12/A1/2) [Sie87].
With the BCS treatment of nuclear pairing, the excitation energy ✏i of a single-
particle (Nilsson-like) state is now replaced by the energy of quasi-particle given
by
Eqp =
q
(✏i    )2 + 2. (2.16)
The BCS approach to the nuclear system initially turned out to be insu cient to
accurately describe the influence of pairing correlations on nuclear properties. It
was found to be satisfactory only if the interaction is very strong, or the number of
particles is very large. To account for limitations in the BCS theory, an extension
to this method for the treatment of pairing in nuclei was first suggested by
Lipkin [Lip60], and later developed by Nogami [Nog64, Nog65, Pra73]. This model,
known as the Lipkin-Nogami (LN) technique, suggested the use of a modified
Hamiltonian of the form H    Nˆ    2Nˆ2, rather than the conventional Hˆ   Nˆ , to
account for the nucleon number fluctuations. Hˆ is the original pairing Hamiltonian,
Nˆ denotes the nucleon number operator, while  i are both Lagrange multipliers.
The LN pairing model has been used for multi-quasiparticle calculations for nuclei
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around the mass-180 region [Kon96, Dra98a, Dra10, Hug12] and a similar approach
is used in the present work (see Chapter 6).
An excited state can be comprised of several nucleons from broken pairs,
coupled together giving a higher angular momentum. These so-called multi-
quasiparticle (MQP) states have, to a first-approximation, a energy Emqp equivalent
to the sum of the energies of each of the single-quasiparticles involved, that is
Emqp =
nX
i
(Eqp)i (2.17)
where i=1.......n are the single-particle states occupied by unpaired nucleons [Jai95].
The process of perfoming pairing (BCS or Lipkin Nogami) calculations when
evaluating MQP energies from equation 2.17, involves evaluation of   for each
nucleon arrangement, simplified by ignoring states that are far away from the Fermi
surface.
Other than blocking, the pairing correlations are also sensitive to nuclear rota-
tions [Mot60], especially at very large rotational frequencies where Coriolis forces
start to dominate and reduce the gap parameter  , see section 2.7.
2.1.5 Residual interactions
Just like the nucleon pairing forces, the residual interactions between the unpaired
nucleons significantly a↵ect the excitation energies of the multi-quasiparticle states.
Jain et al. [Jai94, Jai95] have shown that residual interactions play a significant
role in determining the energetically favoured angular momentum (K) coupling of
a given multi-quasiparticle configuration.
Generally, multi-quasiparticle states are generated by breaking nucleon pairs and
exciting the unpaired particles above the energy gap. Each n-quasiparticle con-
figuration gives rise to a multiplet of 2n 1 states that split in energy due to the
residual interactions. For a state with n-quasiparticles, the residual interactions
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can be taken as the sum of all possible two-body interactions from each two-
quasiparticle coupling that make up the multi-quasiparticle state. Note that the
Gallagher-Moszkowski (GM) [Gal58] rules serves as a guide for parallel and anti-
parallel coupling for any two-quasiparticle configuration. This is such that for ⇡ ⇡
or ⌫   ⌫ couplings, anti-parallel coupling is energetically favoured while for ⇡   ⌫
couplings, parallel coupling is favourable, where ⇡ and ⌫ denote protons and neu-
trons, respectively. From Jain et al. [Jai94, Jai95], the residual interaction for a
n-quasiparticle state is given by
Eres =
X
i1 6=i2
[E(GM)i1i2 (
1
2
   P
i1i2
,0)   Ki1i2 ,0E
(N)
i1i2⇧i1i2 ], (2.18)
where E(GM)i1i2 is the Gallagher-Moszkowski (GM) [Gal58] splitting energy between
parallel and anti-parallel coupling of two-quasiparticle states, E(N)i1i2 is the odd-even
Newby shift [New62],
P
i1i2 is the intrinsic-spin projection on the symmetry axis and
⇧i1i2 is the parity. The splitting energy E
(GM) can be derived from experimental
data, for example see Ref. [Jai95] for the E(GM) values for various proton-proton,
neutron-neutron and proton-neutron configurations. For any two-quasiparticle
combination, the signs of the ⇡⇡ or ⌫⌫ interactions are opposite to those of
⇡⌫ interactions [Jai94], implying that the total residual interaction for a given
configuration can take positive or negative values.
Hence the excitation energy of each member of a multiplet can be considered to be
the sum of the excitation energies of odd-nucleons, Epart, with the energy due to
pairing incorporated, plus a residual interaction term, Eres. That is
Emqp =
nX
i
(Eqp)i + Eres. (2.19)
2.2 Nuclear decay modes
There are several mechanisms by which an excited/unstable nucleus can emit excess
energy in the form of radiation, for example ↵,  +,    or  -ray emission, internal
conversion and electron capture. Two decay mechanisms relevant to the current
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work,  -ray emission and internal conversion, are discussed below.
2.2.1 Gamma decay
An excited nucleus can lose energy by emitting a  -ray photon with an energy E 
that is equivalent to the energy di↵erence between the initial and final nuclear states.
Gamma-ray energies cover a wide range from kilo-electronvolts (keV) up to tens of
MeV. The electromagnetic radiation emitted from  -decays can be characterised
into electric (E) and magnetic (M) transitions. The E and M transitions are the
result of a change in the charge distribution and current densities, respectively. In
addition to energy, the  -ray photons also carry angular momentum (L) with integer
values greater than zero. If Ii and If are the angular momenta of the initial and
final states, respectively, the decay can only proceed if the angular momentum of
the emitted photon falls within the limit [Lil01]
|Ii   If |  L  Ii + If . (2.20)
Both the electric and magnetic  -ray transitions can be classified by their multipo-
larity, which is dependent on the orbital angular momentum L carried by the photon.
For L=0, 1, 2, 3, the transitions show monopole, dipole, quadrupole and octupole
character respectively. Since the intrinsic spin of the   rays is 1h¯, L = 0 photons
cannot occur and hence transitions between two spin-zero states are forbidden to
proceed via  -emission (see 2.20). Instead, they decay by internal conversion or, if
the transition energy is above 1.022 MeV, internal pair formation (see section 2.2.2).
The parity ⇡ of electric and magnetic transitions of multipole order L are given by,
⇡(EL) = ( 1)L, (2.21)
⇡(ML) = ( 1)L+1, (2.22)
respectively. It is possible for  -ray transitions to be a mixture of two multipolarity
transitions characterised by a mixing ratio  . Since these two competing transitions
need to conserve parity, this will require one transition to be electric and the other
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to be magnetic, for example an M1 + E2 or E1 +M2 mixture. The gamma-ray
transition rates will be discussed later in section 2.5.
2.2.2 Internal conversion and internal pair formation
Internal conversion is a result of the overlap of the electron and nuclear wavefunc-
tions, giving rise to an electromagnetic interaction of the nucleons and the orbiting
atomic electron. In this process, the transition energy (E ) is transfered directly to
a bound atomic electron (without prior emission of a photon), that is then ejected
from the atom with an energy (Eel) given by
Eel = E    Bel, (2.23)
where Bel denotes the binding energy of the electron in the atom. Internal conversion
is usually accompanied by emission of characteristic X-rays that are produced when
electrons from the outer shells fill the vacancy left by the emitted electron. 1 The
relative intensity between  -ray decay and internal conversion processes is quantified
by the internal conversion coe cient ↵i, defined as the intensity ratio between the
intensity of conversion electrons (Iie) and emitted   rays I  [Pau75, Lil01];
↵i =
Iie
I 
, (2.24)
where i represents conversion in a major electron shell, e.g. i = K,L,M, ..... The
total internal conversion coe cient ↵T is the sum of the individual coe cients
for each atomic shell, hence ↵T = ↵K + ↵L + ↵M + ....... In the present work we
only deal with total conversion coe cients inferred from intensity balances (see
Sect 3.5.1).
The rate of internal conversion depends on the transition energy, multipolarity
of the transition and the proton number (Z). It tends to dominate over  -ray
emission for transitions of lower energy (E   200 keV) and/or high angular
1Auger electrons can be an alternative to X-ray emission. In this case, the energy of the de-
exciting electron, rather than being emitted as X-rays, is transfered to less bound electrons that
are ejected from the atom.
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momentum transitions (L   2), giving rise to a rapid increase in ↵T values with
decreasing transition energy and increasing multipolarity. Also, the electron
conversion is generally higher for magnetic transitions than for electric transitions.
The strong dependence on multipolarity means that experimental measurements of
the conversion coe cient can be used to assign multipolarities (see Sect 3.5.1).
When the transition energy is > 1.022 MeV, it is possible for spontaneous emission
of e /e+ pairs to take away the transition energy. This is not a significant process
in the present work since few high-energy   rays were observed experimentally.
2.3 Collective nuclear motion
Earlier chapters described single-particle motion in spherical and deformed systems.
However, nuclear excitation can also arise from collective motion such as rotation
and vibration. This section describe these two collective motions and their contri-
bution/e↵ects to the observed spectra in deformed nuclei.
2.3.1 Nuclear vibrations
It is well known from both the shell model and the Nilsson model that nucleons
exist and move inside a static average field/potential generated collectively by all
the particles. Such a system of particles can also perform collective oscillations
that resemble the degrees of freedom possessed by the matter in bulk. Therefore,
the collective oscillations associated with the nucleus are best understood as the
surface vibration of this potential. Such collective vibrational motion is known to
be present in both spherical and deformed nuclei.
Di↵erent modes of nuclear vibrations are characterised by their multipole order
( ) when describing the nuclear shape as an expansion of the radius in terms of
spherical harmonics like in equation 2.2, with coe cients ↵ .
The monopole vibrational mode (  = 0) requires the expansion and the contraction
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of the nucleus as a whole. However, due to incompressibility of the nucleus, this
mode is essentially forbidden as it would occur only at very high energy. A dipole
( =1) vibrational mode corresponds to the net displacement of the whole system
instead of deformation of the nucleus. Such vibrations result from external rather
than internal nuclear forces and cannot contribute to nuclear excitations [Gre96].
Hence, the  =2 (quadrupole) vibration is the lowest mode of nuclear vibrations
and is of great importance to nuclear spectroscopy.
Quadrupole vibrations are common in the A=180 region and are known to occur at
much lower energy than monopole and dipole vibrations. The nuclear vibrational
energies are quantized and a unit/quantum of such vibrational energy is referred to
as a phonon, with the parity of each phonon given by ( 1) . A quadrupole phonon
carries 2 units of angular momentum,   = 2.
In quadrupole deformed nuclei, there are two types of normal vibrations associated
with the   = 2 vibrational mode. These are   vibrations in which the oscillations
are directed along the symmetry axis, thus the nucleus preserves its axial symmetry,
and   vibrations that correspond to deviations from axial symmetry [Cas00]. Other
higher multipole oscillations such as octupole ( =3) and hexadecapole ( =4) can
occur in the nucleus. These vibrations can couple to both particle excitation and
collective rotational motion (in deformed nuclei) to give the total angular momentum
of the nucleus. Since prolate deformed nuclei are prevalent in the mass-180 region,
quadrupole vibrations are expected in the tantulum isotopes. For example, a  -
vibrational state has been observed in 183Ta [Shi09].
2.3.2 Nuclear rotation
Unlike vibrational motion, this mode of excitation can only be observed in deformed
nuclei. Deformed nuclei can undergo collective rotation to generate high angular
momentum excited states. Collective rotational motion is much slower than the
internal motion of the individual nucleons inside the deformed nuclear potential.
Hence, rotations preserve the shape and internal structure of the nucleus and each
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Figure 2.5: Coupling of the single-particle angular momentum j to the collective angular
momentum R in axially symmetric nuclei. The rotational axis X’ is perpendicular to the
symmetry axis Z’. The projection of j along the symmetry axis is denoted by K=⌦.
distinct arrangement of the constituent nucleons can separately undergo rotation.
The elementary understanding of collective excitations is often achieved from
macroscopic models. A general frame-work for the description of rotational states
in nuclei was introduced by Bohr and Mottelson [Boh75]. For axially symmetric
deformed nuclei, rotation can only take place about an axis perpendicular to the
symmetry axis (X’) as shown in Figure 2.5.
The wavefunction that describes a rotating nucleus can be described by two com-
ponents, one that describes the independent motion of individual particles in the
deformed potential and another that corresponds to the collective rotational or vibra-
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tional motion of the entire nucleus [Cas00]. Similarly, the total angular momentum
I of the nucleus results from the coupling of the collective angular momentum R of
the nuclear core to the single-particle angular momentum j such that R¯ = I¯   j¯.
The nuclear core is built from all the paired nucleons. The total Hamiltonian of the
rotating nuclear system can therefore be approximated by
Hˆ = Hˆp + Hˆrot, (2.25)
where Hˆp is the single-particle Hamiltonian in the absence of rotation and Hˆrot is
the rotational Hamiltonian. It is possible to then define the moment of inertia = for
collective rotation such that
Hˆrot =
h¯2
2=R¯
2 =
h¯2
2=(I¯   j¯)
2 =
h¯2
2= [I¯
2 + j¯2   2I¯ · j¯]. (2.26)
By introducing the angular momentum lowering and raising operators
I± = Ix ± iIy and j± = jx ± ijy, (2.27)
the Hamiltonian in equation 2.26 can be expressed as
Hˆrot =
h¯2
2= [I
2 + j2   2Izjz   (I+j  + I j+)]. (2.28)
The term h¯
2
2=(I+j  + I j+) ⌘ Hˆcor describes the coupling between the motion of
the particle in its deformed potential and the collective rotation. It reflects the
e↵ects of Coriolis and centrifugal forces acting on the particle in the rotating system.
This term is negligible if the rotations are slow but increases with higher rotational
frequency ! of the nucleus. For two intrinsic states with j projections ⌦ and ⌦± 1
(ie, that di↵er by  ⌦ = 1), the Coriolis term Hcor gives a non-zero matrix element
of the form [Ste75]
h⌦± 1|Hˆcor|⌦i =   h¯
2
2=
q
[(I ⌥K)(I ±K + 1)]h⌦± 1|j±|⌦|i (2.29)
causing mixing between any states that di↵er by  ⌦ = 1. Due to the symmetry
§2.3 Collective nuclear motion 25
of the total wavefunction of an axially symmetry nucleus against reflection about
the axis X’, the wavefunction for an ⌦ = 1/2 state contains components with both
signs of ±⌦ such that at ⌦ =  1/2, the quantity ⌦+1 is equal to +1/2. These two
components therefore behave like two states with  ⌦ = 1, hence the Coriolis term
Hcor gives a non-zero diagonal matrix element of the form
h⌦1/2|Hˆcor|⌦1/2i = h¯
2
2= [a( 1)
I+1/2(I + 1/2)], (2.30)
where a =
P
j(C
⌦=1/2
jl )
2( 1)j 1/2(j + 1/2) is the decoupling parameter that
describes the degree to which j is coupled to the deformation axis, while C⌦=1/2jl
are the configuration mixing coe cients used in defining the Nilsson energy level
wavefunctions.2
The relative e↵ect of the di↵erent terms in equations 2.25 and 2.28 depend on
the physical situation; for example, the magnitude of the core deformation, the
Nilsson orbits are involved in the particle-core angular momentum coupling, as well
as the rotational frequency ! of the core. It is therefore useful to consider three
limits in which each one of the terms becomes dominant and hence defines varied
rotational level structures. By replacing the energy operators with their eigenvalues
or expectation values, di↵erent expressions for the rotational energies are obtained.
In the case of strongly deformed nuclei with unpaired single-particles of low-j and
high-⌦,K =
P
⌦ and the single particles are considered to be strongly coupled to the
rotation of the deformed core, see figure 2.6(a). The particle motion is considered to
be following that of the rotating potential, with the intrinsic structure unperturbed,
since Coriolis e↵ects are negligible. From a quantum mechanical perspective, the
value of R in equation 2.26 can then be expressed as R2 = [I(I + 1)   K2]h¯2 and
the rotational energy levels are given by
Erot =
h¯2
2= [I(I + 1) K
2]. (2.31)
2The wavefunctions for the Nilsson states in Fig 2.3 and 2.4 can be described by a linear
combination of the spherical wavefunctions, | ⌦i =
P
C⌦jl|Njl⌦i.
26 Theory
!"#$ !%#$
!"#$%&'()*%+,-,&'()*+,*-.$
$$$$$$$$$$$$/*"'$$
X’ 
Z’ 
 j 
K 
R 
I 
!"#$%&'($)*+,-.)&")/0
000000000000000000000010
000000000000002$/$%*&$3",0
X’ 
Z’ 
 j 
K 
R 
I 
!"#$%"&'$()*&+,&#!
Figure 2.6: (a) Strong coupling of the single-particle angular momentum j to the nuclear
deformation. (b) Weak-coupling/rotational alignment, where j is aligned along the axis
of rotation of the core. Figure adapted from [Eji89].
The corresponding band has a spin sequence I = K,K + 1, K + 2, K + 3, K + 4.....,
all states having the same parity as the bandhead that is characterised by the single
particle structure. Note that a single-particle state with ⌦ = 1/2 is a special case
described below. With each state in the band having the same parity, M1 and E2
decays occur between the rotational states.
For a rotating even-even nucleus in its ground state, where I⇡ = 0+ and K = 0,
the corresponding ground-state band has states with energy spacing given by equa-
tion 2.31, where K = 0 and hence R2 = I(I + 1). The spins and parities take the
following sequence
I⇡ = 0+, 2+, 4+, 6+, 8+..... (2.32)
The restriction to even values of I is due to the symmetry of the nucleus that
requires the associated wavefunctions to be invariant under a rotation of 180o about
an axis perpendicular to the symmetry axis [Sie55, Eji89].
For orbitals with ⌦ = 1/2, the e↵ects of rotational motion (Coriolis forces) on the
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nuclear structure is significantly large, even at lower rotational frequencies [Ste75]
due to the diagonal term in equation 2.30. Coriolis forces tend to align the single-
particle angular momentum vector j along the axis of rotation, see Figure 2.6(b). So,
for an odd-A nucleus, with ⌦ = 1/2, the single-particle spin is said to be decoupled
or weakly coupled to the deformed core. The rotational states due to this weakly
coupled motion have energy spacing given by [Boh75]
Erot =
h¯2
2= [I(I + 1) + a( 1)
I+1/2(I + 1/2)], (2.33)
where a is the decoupling parameter defined in 2.30.
In the case of a weakly deformed nucleus, the motion of the single particles, particu-
larly those with high-j and low-⌦, is highly a↵ected by the Coriolis force [Rin80]. In
such cases, the Coriolis force favours the alignment of j with that of the rotating core
and the nucleon becomes totally decoupled from the rotating core, see figure 2.6(b).
These particles are said to be rotation-aligned. The rotational bands built on such
rotation-aligned orbits have spin sequences given by I = j, j + 2, j + 4, ...... and the
rotational energies are given by
Erot =
h¯2
2=(I   jx)(I   jx + 1). (2.34)
The other spin sequence does exist but occurs at higher energy and may not be
observed. Generally, one can note that at low rotational frequencies, the largest
Coriolis e↵ects occur in high-j and low-⌦ orbitals, while there is less e↵ect on
lower-j and high-⌦ orbits [Ste75].
2.4 Aligned angular momenta
For an odd-A rotating nucleus, or a nucleus with a broken pair or pairs, the compo-
nent of the angular momentum of the unpaired quasi-particle(s) along the rotational
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axis is known as the aligned angular momentum and is denoted by ix (see Fig. 2.7).
It can also be approximated as the di↵erence between Ix, the component of the total
angular momentum along the axis of rotation, and the rotational angular momentum
R. That is
ix = Ix  R. (2.35)
The variation of ix with increasing rotational frequency ! is often a good source
of information regarding configuration assignments. For a given rotational band,
the experimental rotational frequency at each of the intermediate spin values say
I = K +1, K +2, ..... can be extracted from the observed energy di↵erence between
the two neighbouring states with spins I + 1 and I   1, and their projections Ix
along the axis of rotation using the relation [Ben79, Ben86]
! =
dE(I)
dIx(I)
⇡ E(I + 1)  E(I   1)
Ix(I + 1)  Ix(I   1) , (2.36)
where E(I + 1)  E(I   1) is the observed energy di↵erence between the two adja-
cent members in a rotational band. Ix can be approximated using the Pythagoras
theorem to obtain the expression
Ix(I) =
q
(I + 1/2)2  K2, (2.37)
where the projection K of the angular momentum on the symmetry axis can be
obtained from the bandhead spin.
For a quasiparticle state, the aligned angular momentum ix can be expressed as a
function of rotational frequency ! using the relation
ix = Ix(!)  Iref (!), (2.38)
where Iref (!) is the angular momentum of the collective core described by
the Harris parameterisation of the e↵ective moment of inertia of the core,
Iref = (=(0) + !2=(1))! [Har65, Ben79]. In the case of states comprised of two or
more quasiparticles, the aligned angular momentum of the band is the sum of the
alignments of each of the one-quasiparticle constituents, implying the additivity of
ix [Fra81]. Significant values of aligned angular momentum are common in high-j
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Figure 2.7: The aligned angular momentum of the total single-particle angular momen-
tum j is a result of the Coriolis force acting on the single particles.
cases such as for the i13/2 neutron and h9/2 proton orbitals in the A = 180 region
that undergo Coriolis e↵ects [Ste75]. As a result, the presence of one or more of
these orbitals in a given configuration is often reflected in the measured alignments.
The procedure that is usually followed is that the aligned angular momentum ix
is plotted as a function of rotational frequency for each band. These curves are
then compared to alignments of known bands in the neighbouring isotope/isotones
to elucidate the particle configuration. For the current work, especially signif-
icant alignments are expected for those configurations containing 11/2+[615]
and 9/2+[624] neutron orbitals from the i13/2 spherical shell that are near the
Fermi-surface in neutron-rich tantalum isotopes.
2.5 Transition strengths
Comparison of experimental  -ray transition probabilities with theoretical pre-
dictions from nuclear models is another essential tool for the analysis of nuclear
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structure. Generally, transition probabilities are di↵erent for collective and
non-collective nuclear motion [Pau75]. Lifetimes of states within a rotational band
are typically of the order of picoseconds and are usually faster than single-particle
transitions. To make comparisons between transitions of di↵erent types, we define
the reduced transition probabilities as described below.
The transition strengths for single-particle transitions can be characterised by the
‘reduced transition probability’, B(XL : Ii ! Ij), given by [Wei51, Boh75]
B(XL : Ii ! If ) = 1
2Ii
|hIf |M(L)||Iii|2. (2.39)
Here, M is the electric/magnetic multipole operator. B(XL : Ii ! Ij) values for
single-particle and collective transitions can be estimated theoretically or deduced
experimentally for a given multipole transition. Under the assumption that the
transition is due to a single particle moving between orbitals, Weisskopf [Wei51]
derived the following estimates of reduced transition probabilities for electric and
magnetic transitions respectively, such that
BW (EL : Ii ! If ) = 1
4⇡
(
3
L+ 3
)2(1.2)2LA2L/3 e2fm2, (2.40)
BW (ML : Ii ! If ) = 10
⇡
(
3
L+ 2
)2(1.2)2L 2A(2L 2)/3 µ2N(fm)
2L 2. (2.41)
The Weisskopf estimates for single-particle transitions for each multipolarity act
as a useful unit with which  -ray transition probabilities can be compared to one
another, irrespective of transition energy, multipolarity or whether the transitions
are in di↵erent nuclei.
Deduction of the experimental values of reduced transition probabilities B(XL) for
each depopulating  -ray transition out of an excited state requires knowledge of the
total transition probability of the level, P (level), and the partial  -ray probabilities
P (XL). The total transition probability is the sum of transition propabilities over
all depopulating transitions (whether electromagnetic or particle). Its experimental
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value is deduced from the meanlife of the state
P (level) =
1
⌧level
. (2.42)
The partial  -ray transition probabilities, P (XL), are obtained from the total tran-
sition probability by
P (XL) = P (level)
I (XL)P
d Id
(2.43)
where I (XL) is the intensity of one of the depopulating  -ray transitions andP
d Id is the sum of the intensities of all depopulating transitions including internal
conversion. These expressions are valid for pure transitions only. For mixed tran-
sitions one needs to take the proportion of each multipolarity component using the
mixing ratio and treat each one separately. Details can be found in Chapter 5 of
Ref. [Pau75]. The reduced transition probabilities for depopulating  -ray transitions
from a single-particle state are therefore given by;
B(XL) =
L[(2L+ 1)!!]2h¯
8⇡(L+ 1)
✓
h¯c
E 
◆2L+1
P (XL), (2.44)
where (2L + 1)!! = 1 ⇥ 3 ⇥ 5 ⇥ ... ⇥ (2L + 1) and E  is the transition energy in
MeV. Comparison between experimental values of reduced transition probabilities
B(XL) is often facilitated by defining hindrance factors, F , relative to the Weisskopf
estimates
F =
Bw(XL)
B(XL)
. (2.45)
The reciprocal value gives B(XL) in Weisskopf units (W.u). Simplified numerical
expressions to deduce Bw(XL) and B(XL) for di↵erent multipolarities can be
found on pages 148-149 in Ref. [Pau75].
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2.6 Properties of rotational bands
Information concerning the nature of the intrinsic and rotational states in a given
rotational band can be determined from the electromagnetic decay properties.
Measurable properties include the decay strengths, transition energies and mul-
tipolarities, as well as the intensity branching ratios between the E2 crossover
transitions and the mixed M1/E2 cascade transitions (see Figure 2.8). This
information can be used to deduce properties of the band such as its moment of
inertia, quadrupole moment Q, gyromagnetic factor g and the particle configuration.
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Figure 2.7: For the strongly coupled bands, the configurations of the K states (Kf and
K) are usually reflected in the measured branching ratios of the E2 and M1/E2 transition
intensities of the bands built on them.
the intermediate spin values I = Kf + 1, Kf + 2, ..... can be extracted from the two
neighbouring states of spins I + 1 and I   1 and their projections Ix along the axis
of rotation using the expression [Ben79]
! =
dE(I)
dIx(I)
⇡ E(I + 1)  E(I   1)
Ix(I + 1)  Ix(I   1) (2.33)
where E(I + 1)   E(I   1) is the di↵erence in the excitation energies of the two
states. Ix can be approximated from the Pythagoras theorem using the expression
Ix(I) =
q
(I + 1/2)2  K2 (2.34)
For an odd-A rotating nucleus, or a nucleus with broken pair, the component of
the angular momentum of the unpaired quasi-particle(s) along the rotational axis
is known as the aligned angular momentum and often denoted by ix see Figure 2.8.
The studies of its variation with increasing rotational frequency ! is usually a good
source of information for configuration assignment of the bands.
The aligned angular momentum ix is often plotted as a function of rotational fre-
Figure 2.8: For a strongly-coupled band, the particle configuration is reflected in the
competition between E2 and M1/E2 transition intensities.
The transition probabilities of coll ctive transitions are often expressed in terms o
collective parameters such as intrinsic quadrupole moments. For an axially symmet-
ric quadrupole deformed nucleus, the reduced transition probability for any in-band
E2 transition can be expressed as
B(E2;K, i ! K, If ) = 5
16⇡
Q20hIiK20|IfKi2, (2.46)
where Qo is the intrinsic quadrupole moment of the nucleus in units of eb and the
Clebsch-Gordon coe cients describe the coupling between the angular momentum
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of the photon and the initial and final state angular momenta. Changes of the
B(E2) values in a given band with increasing spin can be a reflection of changes in
the internal structure.
The reduced transition probability for M1 transitions can be expressed in terms
of the gyromagnetic-ratios gK and gR, where gK denotes the g-factor associated
with the intrinsic magnetic moment due to the particle configuration, while gR is
the g-factor for the magnetic moment generated by the collective rotation of the
nucleus. For elements in the rare-earth region, gR ⇡ 0.35 [Eji89]. The value of gK
may be calculated from a microscopic model of the particle motion, e.g. the Nilsson
model.
For a rotational band with K > 1/2 or K 6= 0, the reduced transition probability,
B(M1), for the in-band M1 transition is given by;
B(M1;K, I ! K, I   1) = 3
4⇡
(gK   gR)2µ2NK2hIK10|I   1Ki2, (2.47)
where µN =
eh¯
2M⇡
is the nuclear magneton. The magnetic dipole transition proba-
bilities are sensitive to the single-particle motion.
Branching ratios and g-factors
Information concerning the configurations of the intrinsic states upon which bands
are built can often be obtained from the  -ray intensity branching ratio
 b =
I ( I = 2)
I ( I = 1)
(2.48)
of the observed crossover I ! I 2 and cascade I ! I 1 transitions [Eji89, Boh75].
From the rotational model [Boh75], this experimental ratio can be used to deduce
model-dependent values of the mixing ratio   and (gK   gR)/Q0 using the following
relations;
1
 2
=
1
 b

E (I ! I   2)
E (I ! I   1)
 5 hIK20|I   2Ki2
hIK20|I   1Ki2   1 (2.49)
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gK   gR
Qo
= 0.933⇥ E (I ! I   1)
(
p
I2   1)  . (2.50)
Here, E (I ! I   1) and E (I ! I   2) are the transition energies in MeV and I is
the spin of the parent level at which  b is measured. Note that only the magnitudes
of   and (gK   gR)/Q0 are determined. If the sign of the mixing ratio   can be
deduced from other methods such as angular correlation measurements, then, since
sign( )=sign((gK   gR)/Q0), the sign of (gK   gR)/Q0 may also be determined. The
value of (gK   gR)/Q0 should typically be constant within a given rotational band.
In cases where rotational bands are built on multi-quasiparticle states, the value of
gK is the weighted sum of the g⌦-values of the each of the single quasiparticles that
make up the configuration, thus
KgK =
X
i
⌦ig⌦i . (2.51)
The experimental values for the g-factors obtained for a given band may be
compared with either theoretical or known experimental values to determine the
configuration of the bandhead.
Note that if the configuration of the quasiparticle state involves levels from
high-j intruder shells such as the h9/2 protons and i13/2 neutrons in the A=180
region [Don87], then configuration mixing from Coriolis forces means that Nilsson
model estimates of the (nominal) single-particle configurations could di↵er markedly
from experimental values. Such examples have been observed and studied exten-
sively in tungsten [Sai00] and tantalum [Kon96, Das00] isotopes where strongly
Coriolis-mixed orbitals such as 11/2+[615] and 9/2+[624] are prevalent.
2.7 E↵ects of nuclear rotations
It has been shown earlier that rotational motion in deformed nuclei can have sig-
nificant e↵ects on the structures of the Nilsson states, especially at high rotational
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frequencies, and mainly due to Coriolis forces [Mot60, Ste75].
While the pairing force couples two particles in time-reversed single-particle states,
rotation has the opposite e↵ect on the particles forming pairs, with the Coriolis
force tending to decouple particles and hence reduce the pairing correlations.
With increasing !, the Coriolis force also increases such that at certain angular
momentum it becomes comparable to the pairing force and can break pairs. As a
result, the energy gap parameter   gradually decreases with increasing rotational
frequency ! and there can be an increase in the e↵ective moment of inertia =.
Some detailed studies on the pairing reduction due to nuclear rotation can be found
in Refs. [Mut84, Shi89, Dra98b]
2.8 Isomeric states
Some excited nuclear states have substantial lifetimes. A wide range of isomeric half-
lives are observed, ranging from nanoseconds to years [Wal99]. Particularly long-
lived examples are known in 178Hf [Hel68, Van80, Mul97] and 180Ta [Cum85, Dra96],
having T1/2 = 31 years and ⌧ > 1015 years, respectively. These metastable states
can have excitation energies ranging from a few eV up to several MeV above the
ground state. For example, the well known 31 year isomer in 178Hf appears 2.4
MeV above the ground state, while the ⌧ > 1015 years isomer in 180Ta lies just
75 keV [Dra96, Dra98, Whe00] above the ground state, in fact it is the abundant
form of 180Ta that is observed naturally. The following sections describe some of the
types of isomers that are of relevance to the current work.
2.8.1 Spin traps
Spin traps are metastable states in which the only available decay paths require a
large change in nuclear spin, usually at least  I   2. The long half life that can
result from the fact that high multipolarity radiation has low transition probability
may be further enhanced if the decay transition has a low energy. This type of
36 Theory
isomer is more common in the spherical or near-spherical nuclei [Wal99, de V83,
Wal01]. However, some cases exist in deformed nuclei, e.g. the ⌧ =192 µs isomer
in 177Ta [Das00] that decays via an 86 keV E2 transition, and the ⌧ > 1015 year
isomer in 180Ta that, if it were to decay via  -ray transition, would have to undergo
an L = 8 photon emission.
2.8.2 K-isomers
In deformed nuclei, where theK quantum number is used to characterise the intrinsic
states (see section 2.1.3), the selection rule for decays involving a change in the K-
value requires the multipolarity ( ) of the transition to satisfy the condition [Wal99]
     K. (2.52)
It is possible for the change in K-value to be greater than the multipolarity of the
radiation, violating the K-selection rule, however, these “K-forbidden transitions”
are often strongly hindered and thus may proceed at very low rates. This hindrance
can sometimes result in long half-lives, whereupon the states may be called
K-isomers.
The degree of forbiddenness for such transitions is denoted by ⌫ =  K  . For each
extra unit of  K that exceeds the multipolarity  , it has been found empirically
that the transition rate is reduced by a factor of about 100 [Lo¨b68]. The value of ⌫
can be used to extract the so-called reduced hindrance, f⌫
f⌫ = F
1/⌫
W , (2.53)
where FW is the hindrance factor relating the measured transition strength to the
Weisskopf estimate, as shown in equation 2.45. For K-isomers with pure K-values
(i.e no K-mixing), the empirical values of f⌫ for K-hindered transitions typically
range between 30 and 300 [Lo¨b68].
Lower values of reduced hindrances outside this range are sometimes observed
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and this is usually a result of K-mixing [Dra05a, Dra13]. K-mixing can arise
from a number of factors. One interesting case is when there is a chance de-
generacy between a K-state and a collective state from a lower-K configuration
that has the same spin and parity. Mixing between the states may provide an
opportunity to extract the interaction strength between the two energy levels.
This scenario has in the A = 180 region been observed recently in isotopes of
rhenium [Kon99], tungsten [Wal91, Wal94, Lan10], tantalum [Kon04], as well as in
lutetium [Dra06, McG00, Dra10b].
In cases where the K-state/isomer lies well above the yrast line and hence in a
region of relatively high level density, statistical mixing with states of di↵erent K is
possible, leading to low values of reduced hindrance for the (nominally) K-hindered
transitions. Examples may be found in Refs. [Wal97, Dra05]. Another form of
K-mixing results from Coriolis e↵ects that explicitly mix the K-values, especially if
the configuration of the isomer involves high-j particles such as i13/2 neutrons. Since
Coriolis forces give a calculable (predictable) mixture of K-values, it is sometimes
possible to recover the underlying value of the reduced hindrance [Dra06].
The existence of K isomers is necessarily limited to axially symmetric deformed
nuclei, for which the majority of known cases have been observed around the mass-
180 region. Note that in deformed nuclei, isomerism can arise from a simultaneous
contribution of both violation of the K-selection rule and a large change in angular
momentum for the decay transition. In such a case, the isomer is both a spin trap
and a K-isomer. An example of such an isomer is the well known T1/2=31-year,
K⇡ = 16+ state in 178Hf.
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Chapter 3
Experimental methods
This chapter focuses on experimental techniques used in  -ray spectroscopy. This
includes the reaction mechanisms useful in populating high-spin states, with the
main focus on deep-inelastic reactions, as well as the  -ray detection mechanism
and systems, in particular the Gammasphere array. Also covered are techniques
for identifying the nuclei of interest in the complex deep-inelastic datasets, together
with the methods for measuring nuclear lifetimes. This chapter is finalised with
spin and parity assignment methods relevant to the current work, together with the
experimental details.
3.1 Accessing neutron-rich nuclei
In order to study high-spin states, a reaction that can impart large values of angular
momentum into the nucleus of interest is required. Several methods have been
developed over the years to study the structures of di↵erent nuclei [Bro06, Pfu¨98,
Ahm95] as described in the section below. Early studies using fusion evaporation
reaction (3.1.1 and 3.1.2) were limited to neutron-deficient nuclei and only more
recent developments have allowed access to neutron-rich nuclei (3.1.4 and 3.1.5). In
the current work, deep-inelastic reactions were used as they were the only tool that
could reach the neutron-rich nuclei under investigation. As will be discussed below,
these reactions are able to populate up to relatively high spins, but not as high as
conventional fusion-evaporation reactions.
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3.1.1 Heavy-ion fusion-evaporation reactions
One of the most common historical methods known to produce highly excited nuclei
is the heavy-ion, fusion-evaporation reaction. In this method, a heavy ion (A > 4)
is accelerated towards a target nucleus with energies above the Coulomb barrier,
resulting in fusion of the two nuclei to form a very hot compound nucleus. The
compound nucleus may then undergo spontaneous fission, if its excitation energy is
above the fission barrier or particle evaporation of protons, neutrons and ↵ particles,
with the emitted number of particles depending on the excitation energy and the
particle separation energies. The tendency for spontaneous fission increases with
both mass of the compound system and the projectile energy. However, charged-
particle emissions are usually hindered by the Coulomb barrier, especially in heavy
nuclei, and, as a result, neutron evaporation can often be the favoured emission
process. Neutron evaporation leads preferentially to population of neutron-deficient
species, thus limiting the production of neutron-rich nuclei from fusion-evaporation
reactions.
3.1.2 Incomplete-fusion reactions
Incomplete fusion is another method that has been applied to populate high-spin
states in nuclei [Dra97]. The method usually utilises a beam of weakly bound nuclei,
such as 9Be, incident on a heavy target. The incoming ion can break apart in
the Coulomb field before reaching the target nucleus, resulting in one fragment
flying o↵ and only partial fusion with the target, then following the processes in
3.1.1 above. Since the breakup process can result in the absorption of moderately
neutron-rich species such as 5He, this technique has been found to allow access to
nuclei up to one or two neutrons beyond the limits available from fusion-evaporation
reactions [Dra97]. Due to these limitations, neutron-rich nuclei in the heavy-mass
region remained inaccessible for many years using stable beams and targets.
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3.1.3 Fission reactions
A detailed review of fission techniques to access neutron-rich nuclei can be found
in [Ahm95]. Since fission results in two light-mass nuclei, it is not possible to access
heavy, neutron-rich nuclei using fission.
3.1.4 Fragmentation reactions
Projectile fragmentation has shown to be e↵ective in population of neutron-rich
nuclei [Pfu¨98]. This reaction involves the use of heavy beams at relativistic ener-
gies (⇠1 GeV per nucleon). With these high velocities, the nuclear collisions are
extremely violent, leading to a vast range of fragments being produced at high exci-
tation energies that then undergo particle evaporations processes and  -ray decays.
Since the reaction is not selective in terms of the products, the nuclei of interest are
usually selected and identified using fragment separators. These reactions have not
been used in the present work. Recent applications of fragmentation reactions to
study neutron-rich nuclei can be found in Refs. [Ree10, Ste11].
3.1.5 Deep-inelastic reactions
Recently, deep-inelastic reaction have been developed [Bro06] as a tool to populate
high-spin states in neutron-rich, heavy nuclei using stable beams and targets; this
method was used in the current project. This reaction mechanism will be discussed
in more detail in this section.
Deep inelastic collisions between two nuclei take place at all intermediate impact
parameters between surface and central collisions [Bro06]. In this process, the
two nuclei come into contact and strongly interact without fusing. The contact is
usually long enough such that significant nucleon/mass transfer between the beam
and the target nuclei can take place, resulting in a significant amount of energy
transfer through the contact region. The direction of the transfer of the nucleons
tends to equalise the N/Z ratio of the system. This implies that during contact
there is an overall flow of neutrons into the low N/Z nucleus (usually the lighter
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Figure 3.1: Schematic representation of a deep-inelastic reaction. After coming into
contact, particle transfer between beam and target occurs. The residual target-like and
beam-like nuclei then undergo particle evaporation (proton, neutron or ↵) followed by
 -ray decay.
the target and beam, as illustrated by Broda et al [Bro06]. Often, a thick target is
used to ensure that all reaction products are stopped in the target material [Kro´11].
An aspect of deep-inelastic reactions that is di↵erent to fusion-evaporation is that
during collision, not all of the angular momentum available from the reaction goes
into the intrinsic angular momentum of the final products. Instead, some of the
angular momentum goes into the relative rotation of the two primary fragments.
3.2 Detection of   radiation
3.2.1  -ray detectors
Scintillator or semiconductor detectors are usually used for  -ray detection. They
work by detecting the energetic electrons and positrons produced when gamma
rays interact with the detector material. Di↵erent materials may be chosen to give
Figure 3.1: Schematic representation of a deep-inelastic reaction. After coming into
contact, particle transfer betw en beam and target occurs. The residual target-l ke a d
beam-like nuclei then undergo particle evaporation (proton, neutron or ↵) followed by
 -ray decay.
binary partner), and, similarly, for protons to high N/Z nuclei [Bro06]. Two hot
binary fragments (beam-like and target-like) are produced, which then undergo
light-particle evaporation (mainly uncharged particles such as neutrons) and
subsequent  -ray emission. Through a sensible choice of the projectile and target,
the yi ld of rea tion products wi h masses around that of the target can be max-
imised, thus enabling population of neutron-rich nuclei that could not be accessed
from standard fusion-evaporation reactions. The yield distribution for target-like
products in deep-inelastic reactions has been discussed by Kro´las [Kro´11]. In order
to reach as far as possible into the unknown neutron-rich region, stable neutron-rich
nuclei can be selected for both the target and beam, as illustrated by Broda et
al [Bro06]. Often, a thick target is used to ensure that all reaction products are
stopped in the target material [Kro´11, Dra05, Dra12, Lan09, Lan10, Whe99, Coc99].
An aspect of deep-inelastic reactions that is di↵erent to fusion-evaporation is that
during collision, not all of the angular momentum available from the reaction goes
into the intrinsic angular momentum of the final products. Instead, some of the
angular momentum goes into the relative rotation of the two primary fragments.
§3.2 Detection of   radiation 43
3.2 Detection of   radiation
3.2.1  -ray detectors
Scintillator or semiconductor detectors are usually used for  -ray detection. They
work by detecting the energetic electrons and positrons produced when gamma
rays interact with the detector material. Di↵erent materials may be chosen to give
particular characteristics. For example, high e ciency for better statistics or high
resolution to enable better distinction between   rays that are closer in energy. An
example of a semiconductor detector is a High-Purity Germanium (HPGe) detector;
these have a very high energy resolution of ⇠1.8 keV at a  -ray energy of 1.332
MeV. Typical scintillation detectors include crystals of sodium iodide (NaI), bismuth
germanate (Bi4Ge3O12) (BGO) and barium fluoride (BaF2), which have much poorer
energy resolutions at 1.332 MeV, ranging from 60 to 150 keV. However, due to their
construction from higher-Z materials than germanium detectors, the scintillators
generally have considerably higher e ciency for the detection of gamma rays, up
to an order of magnitude better. Nevertheless, HPGe detectors were used in the
current work since the number of di↵erent gamma rays emitted is expected to be
high and the need to resolve close-lying energies is the most important detection
criterion.
3.2.2 Interaction of   rays with matter
Gamma-rays are detected via interactions between the photons and the detector
crystal that result in all, or part of, the energy of the photon being absorbed by
the material. Such interactions can proceed through one or more of the follow-
ing processes, photoelectric e↵ect, Compton scattering and pair production [Kno89].
Photoelectric e↵ect
In this process, all the energy of the photon is transfered to an atomic electron,
resulting in the release of the electron from the atom of the crystal. No secondary
photons are produced, implying that the full-energy of the  -ray photon is directly
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transferred to the crystal around the position of interaction. The photoelectric e↵ect
is dominant for lower energy   rays (see figure 3.2) and contributes to full-energy
peak events.
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Fig. 1. Attenuation coefficients of   rays interacting with germanium as a function of the   -ray energy.
cascades of mostly rare events from these complex   spectra. This article will focus on the
properties of an optimum detector array which almost universally allows   -ray spectroscopy to
be performed in all these experimental conditions.
The design of the detector system needs to take into account the interaction processes that a  
ray undergoes as it interacts with matter. The three main processes are photoelectric absorption,
Compton scattering and pair production. For   energies ranging from a few 100 keV to a few
MeV the Compton-scattering process is the most probable (see Fig. 1). If after single and multiple
Compton scattering, part of the incident   energy escapes from the detector, the event will
contribute to the background of the spectrum. While the cross-section for the Compton effect
varies linearly with Z of the detector material ⇥c ⇥ Z , the cross-section for photo effect varies
as ⇥photo ⇥ Z4 5 and for pair production as ⇥pair ⇥ Z2. Therefore, a high ordinal number Z of
the detector material will increase the efficiency of the detector and reduce the background due
to Compton scattering. In addition, the probability of full-energy absorption will increase with
the volume of the detector and its density.
Does an ideal material for a   -ray detector exist? Unfortunately the answer is no and a
compromise between efficiency and resolution has to be sought. Crystal spectrometers [1] have
a superb energy resolution of ⇥10 5 but an extremely low efficiency. Gas detectors have a poor
energy resolution and a too low density. Scintillation detectors like NaI(Tl), BGO or LaBr3:Ce
can have large volumes and high Z but their resolution is limited to a few percent. Semiconductor
materials have some interesting properties that are beneficial for   -ray detection. The energy
needed to create an electron–hole pair is just a few eV, which yields a good energy resolution,
and they can have a high Z . Semiconductors that have been used so far include Si, Ge, GaAs,
CdTe, CdZnTe and HgI2. Si has a low Z of Z = 14 and is very well-suited for the spectroscopy
of X-rays and charged particles but   lines corresponding to a few hundred keV will disappear
Figure 3.2: Absorption cross-sections for gamma rays in Ge crystal as a function of
energy. Figure taken from Ref. [Ebe08]
Compton scattering
A  -ray photon may scatter from an electron within the crystal, resulting in a lower
energy photon and a free electron. The lower energy scattered photon may undergo
further Compton scattering inside the material, always low ri g in e ergy until
it becomes so low that photoelectric absorption finally occurs. These Compton
events contribute to the full energy peak, provided all these Compton events are
detected. However, in some cases, a scattered photon may escape to the outside of
the e ector material, giving a continuous sp ctrum of l w e ergy events, the so-
called Compton continuum. Compton scattering is the dominant process for higher
energy photons (⇠ 1 MeV) compared to the photoelectric e↵ect (see figure 3.2).
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Pair Production
Pair production can only take place if E   1.022 MeV. In this process, part of
the original  -ray photon energy is converted into mass in the form of a positron
and electron pair, with the remainder forming their kinetic energy. The positron
eventually comes to rest, often inside the detector material. Annihilation with a
nearby electron results in the emission of two   rays each with an energy of 511
keV. The two   rays are emitted in opposite directions and in turn interact with
the detector material via photoelectric e↵ect or Compton scattering. They may
deposite all their energy inside the crystal and contribute to the full energy peak.
However, in some cases, one or both the photons can escape the detector and
produce peaks at 511 or 1022 keV below the full energy peak. Pair production is
the dominant process for high-energy gamma-rays as shown in Fig. 3.2 .
3.2.3 Compton suppression
γ
γ
γ
BGO Suppressor Plug
Ge Detector
BGO Suppressor
Shield
Liquid
Nitrogen
Dewar
Detector Electronics
Hevimet
Shield
Support
Hemisphere
PM
Tubes
Gamma-ray
Source
Figure 3.3: Schematic representation of the Compton-suppressed HPGe detectors in
GAMMASPHERE. From the online booklet for GAMMASPHERE [Www1].
As discussed earlier, a large continuous background can occur in the  -ray spec-
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trum when large numbers of Compton-scattered  -ray photons escape the detector
crystal. Such large backgrounds can obsecure weak   rays. In most modern detec-
tor arrays, this e↵ect is reduced by the Compton-suppression technique, where the
primary (HPGe) detector is surrounded by another detector, typically BGO scintil-
lator. The secondary detector is usually shielded from the direct flux of   rays such
that it can only detect Compton-scattered   rays from the primary detector. For all
the events in which the BGO receives signals from Compton-scattered photons, no
count is registered in the spectrum. The GAMMASPHERE detector array used in
the current work consists of high-purity germanium detectors as primary detectors
and bismuth germanate (BGO) as secondary detectors for Compton suppression.
3.2.4 Multi-detector arrays
Over the last few decades a number of gamma-ray detector arrays have been
developed that utilise large numbers of high-e ciency, Compton-suppressed HPGe
detectors. Such arrays include early designs like TESSA, HERA, OSIRIS and
NORDBALL that covered large fractions of solid angle [Ebe08], and the latest
arrays with 4⇡ coverage such as GASP, EUROGAM, EUROBALL and GAM-
MASPHERE [Nol94, Lee90]. Since most of them are Compton-suppressed, the
experimental measurements from these arrays have shown a significant improvement
in the signal to background ratios of the spectra, as compared to the previous
spectrometers. They have also demonstrated better e ciency and hence higher
statistics, which enables the observation of weak  -ray transitions in the presence
of many strong lines.
The correlations between cascades of   rays depopulating high-spin states have been
measured successfully using these arrays. Their design and perfomance have been
discussed in detail by many authors including Sharpey-Schafer [Sha88] and Beau-
sang [Bea96]. The evolution of  -ray spectroscopy has seen the number of detectors
included in these arrays rising from as low as six detectors in TESSA [Twin84]
to more than 100 in GAMMASPHERE and EUROBALL. The continuous signifi-
cant improvements in the e ciency of these arrays has enabled the observation of
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ever more weakly populated stuctures in modern nuclear structure experiments.
The next generation germanium detector arrays such as AGATA [Akk12] and
GRETA/GRETINA [Del99] are also starting to be used in experimental campaigns.
These arrays utilise the principle of  -ray tracking [Lee99] and give greatly improved
angular resolution due to their ability to localise the position of the first gamma-ray
interaction, while their ability to measure the full energy of the gamma ray even
in the case of Compton scattering interactions between di↵erent detector crystals,
means that they have much higher e ciency compared to the previous generation
of arrays such as GAMMASPHERE and EUROBALL. These arrays are currently
being dedicated primarily to the study of rare reaction channels produced in ex-
periment with weak beam intensities, for example, radioactive beam measurements
[Baz04].
3.2.5 GAMMASPHERE
The GAMMASPHERE array was used for the current work. It is presently lo-
cated at the ATLAS (Argonne Tandem Linac Accelerator System) facility in Ar-
gonne National Laboratory, Chicago, USA. GAMMASPHERE consists of up to
110 large volume, high-purity germanium detectors, each surrounded by bismuth-
germanate (BGO) Compton-suppression shields, see Figure 3.3. The detectors are
positioned at various angles in a spherical structure around the target with a forward-
backward symmetry with respect to the beam axis [Nol94], see Figure 3.4. The
corresponding angles for all the detector, relative to the beam direction are shown
in Table 3.1. In the current work, 99 Compton-suppressed HPGe detectors were in
operation.
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Figure 3.4: GAMMASPHERE array comprising up to 110 Compton-suppressed High-
Purity Germanium (HPGe) detectors.
Table 3.1: Angles of the 110 detectors in GAMMASPHERE with respect to the beam
direction. The detectors are positioned at these angles with a forward-backward symmetry
to form a spherical shape around the target, see figure 3.4.
Number of Angle
detectors (✓)
10 17.3
10 31.7
10 37.4
20 50.1
10 58.3
20 69.8
10 79.2
10 80.7
10 90.3
3.3 Coincidence spectroscopy
3.3.1 Coincidence histograms
In many experiments, very complicated spectra are produced as a result of the
many bands populated in a large variety of nuclei. Widely used       or triple- 
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coincidence techniques make it possible to isolate the individual decay transitions
and assign them to the nucleus of origin. For the purpose of nuclear structure
studies, the  -ray events from the residual nuclei can be registered in coincidence,
that is, within a short time interval ( t), when using an array of two or more
detectors. The coincidence data is comprised of two parts, the true coincidence
events and random coincidences. True coincidences are those events registered that
correspond to two or more   rays from the same nucleus/source, while random
events are a result of   rays from di↵erent nuclei happening to arrive by accident
within the coincidence overlap time.
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Figure 3.5: (a) Schematic representation of a symmetric  -  matrix used in construction
of nuclear level schemes. (b) An illustration of the corresponding level scheme.
In order to extract useful information from coincidence data, it is usual to
transform or sort it into various n-dimensional histograms. Note that the number
of   rays observed in an event, known as the fold, does not have to equal the
dimensions of the histogram. For example, two-dimensional histograms are      
matrices that result from double-coincidence events or higher-fold events that
have been unfolded into double coincidences [Ada97]. Each axis of a histogram
might correspond to either the channel number, or the energy (for a calibrated
matrix), of the detected   rays, see figure 3.5(a). Analysis of higher-fold coincidence
data is also possible, including          -cubes, a three dimensional object of
50 Experimental methods
triple-coincidences, or even 4-fold coincidence objects (hypercubes).
Analysis of these high-fold coincidence data leads to the construction of nuclear
decay schemes such as the schematic one in figure 3.5(b). The process of building
a level scheme from matrices and cubes involves setting narrow windows (gates)
on all but one axis of the histogram and projecting a one dimensional  -ray
spectrum of the selected coincidence events on the other axis, hence showing all
the transitions that are in coincidence with the gate(s). For example, if a gate
is set on the  1 transition on the E 1 axis in figure 3.5, the projected spectrum
will reflect the coincident  -rays  2,  5,  6 and  7 in the E 2 axis. The same
applies to a           cube except that two gates from say E 1 and E 2 axis are
now needed to project a third coincident transition in the third axis, E 3. Gen-
erally, for an n-fold histogram, n 1 gates are needed to extract coincidence spectra.
The continuous background from Compton scattering of  -ray transitions, as well as
from weak unresolved   rays, can obstruct the observation of weak transitions. Such
background events need to be subtracted from the spectra. Appropriate methods
for background subtraction in two and higher-fold  -ray coincidence data have been
discussed by Palameta et al. [Pal85], Crowell et al. [Cro95] and Radford [Rad95a].
Analysis of these high-fold data requires the use of sophisticated computer programs
such as ESCL8R and LEVIT8R [Rad95], for the inspection of       matrices and
cubes, respectively. These two interactive graphical analysis programs are part of
RADWARE, a  -ray analysis software package developed by David Radford [Rad00].
The programs automatically subtract the background from each gate using algo-
rithms from Ref. [Rad95].
3.3.2 Prompt and delayed coincidence
Two or more   rays are considered to be in prompt coincidence if they are detected
close enough in time such that they appear to have arrived at the same time. As
illustrated in figure 3.6(a) and (b), the  1  2,  3  4 and  5  6 pairs of transitions,
are considered prompt due to a negligible detection time di↵erence between them.
§3.3 Coincidence spectroscopy 51
However, the presence of a measurable lifetime ⌧ means the  5,  6 and  7 set of tran-
sitions will be detected later in time (delayed) relative to  1,  2,  3 and  4. These
detection time di↵erences may be used to determine state lifetimes (see section 3.4),
while prompt transitions can be related to a situation where the states have negligi-
ble lifetimes (⌧ < 1 ns in the present study). The three   rays below the isomer ( 5,
 6 and  7) are said to be delayed relative to those feeding the isomer, termed early
  rays. By examining the time correlations, it is possible to separate the early and
delayed coincidence   rays and increment them into di↵erent axes of coincidence
histograms so that early/delayed spectra can be created through appropriate gating.
The ability to generate coincidence histograms and gated spectra is the key to level
scheme construction and also aids in nuclear and isotopic assignment, as will be seen
in Chapters 4 and 5.
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Figure 3.6: (a) Level scheme that will exhibit prompt and early-delayed coincidence
events. Prompt events are characterised by a negligible detection time between them, e.g
 1 and  2, or  3 and  4 where there is no intervening lifetime.  1 and  5 or  1 and  6
illustrate early-delayed events due to measurable lifetime ⌧ . (b) The arrival times of the
 -ray events compared to the vertical red lines showing a time overlap window, illustrating
the di↵erent types of coincidence.
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3.3.3 Elemental and isotopic assignments
Studies on the distribution of yields from deep-inelastic reactions have been carried
out by a number of authors [Bro06, Kro´11], with the results showing that many
nuclei with N and Z near that of the target-like and beam-like-nuclei are produced.
With the latest generation of  -ray detector arrays, the collected data can be so
complex that several nuclear and isotopic assignments methods might be necessary
to firmly assign each  -ray transition to the correct nucleus. The present section
focuses on the methodology that was used to identify new tantalum structures, as
well as make isotopic assignments to these structures.
Characteristic X-rays
A gated spectrum can show coincident characteristic X-rays that follow from
internal conversion. In the present mass region, the K↵ and K  X-ray components
are often seen and are unique for a given element. The two prominent characteristic
X-ray components in tantalum nuclei lie at 57.53 and 65.22 keV, corresponding to
K↵1 and K 1 transitions, respectively. The presence of these characteristic X-rays in
any gated spectrum means that the gating transition belongs to a tantalum nucleus.
Note that the neighbouring Z nuclei have K↵1 X-rays separated in energy by
approximately 1.7 keV, easily resolvable by the HPGe detectors in Gammasphere,
and enabling clear elemental assignments (see, for example, the gamma-ray spectra
in Chapter 4).
For new transitions coincident with tantalum X-rays, it is not always possible to
immediately identify the tantalum isotope from which these   rays originate. Addi-
tional information from previous studies on that particular nucleus can be helpful.
In the present case, where possible, projection of early and delayed transitions rel-
ative to the new   rays to establish connections with known   rays were used to
assign the isotopes, refer to Chapter 4 and 5. Sometimes, however, a firm isotopic
assignment for a given set of   rays requires additional information.
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Target yields
The production cross section for a given nucleus from deep-inelastic reactions is
understood to vary systematically based on the proximity of the residual nucleus to
the beam or target nucleus [Das94]. Therefore, comparison of the yield intensities
of an unknown structure in di↵erent datasets from di↵erent targets can be useful
to make isotopic assignments. Detailed explanation and analysis of the yields for
isotopic assignment is covered in Chapter 5, for the case of 182Ta.
3.4 Lifetime analysis methods
Some nuclear states have long enough lifetimes that the mean lifetime can easily be
measured directly through observed time di↵erences. The mean lifetime ⌧ denotes
the average time for the nuclei in a given excited state to decay. Measurement of
the meanlife provides information required to determine parameters such as the
reduced transition probabilities of the depopulating transitions that can then be
used to reveal more detailed information on the structure of the nucleus. Beyond
lifetime measurements, the systematic time shifts are also useful in ordering   rays
within a decay scheme.
Due to the wide range of nuclear lifetimes observed, from femto-seconds to
years, di↵erent methods for measuring these quantities have been developed and
applied [Ols66, Lo¨b75, Mac89]. The present work is mainly focused on lifetimes in
the range of a few nanoseconds and longer where direct electronic observation is
possible .
The general principle of the lifetime measurement techniques applicable to the
present data involves the measurement and analysis of time di↵erences between
transitions feeding and depopulating a state. The presence of a measurable lifetime
with ⌧ > 5 ns is usually characterised by the presence of a slope on one side of a
distribution of the measured time di↵erences. Alternatively, in the case of shorter
lifetimes (⌧ ⇠1-5 ns), the observable is a shift of the time distribution centroid,
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relative to the position of the centroid for a prompt time distribution. As a result,
the common lifetime analysis methods such as the centroid shift [Ma˘r10, Re´g09],
convolution and slope methods become applicable.
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Figure 3.7: Illustration of a delayed coincidence time distribution as a result of the
measured time di↵erence between the populating ( 1) and the depopulating transition
( 2). The presence of a short lifetime causes a shift in the centroid compared to the
spectrum from prompt events (time-zero). The time separation between the two centroids
is twice the lifetime of the level.
For the centroid shift method, first the prompt position is derived from a known
prompt state in the same level scheme under investigation or from another
level scheme from the same data set [Mac89]. In the present work, the known
experimental prompt spectra used are from the neighbouring (strongly populated)
tungsten nuclei. The presence of a lifetime can then be determined by a shift in the
position of the centroid, with the magnitude of the lifetime defined by the di↵erence
between the two centroids.
Another approach to the centroid shift method involves the interchange of gates,
that is, the order of the start and stop   rays from which two time spectra are
generated, see Figure 3.7. The outcome is that one spectra shifts to the right and
the other to the left of the prompt position at t ⇡ 0. In Figure 3.7, starting with
 1 and stopping with  2 results in a spectrum shifted to the right (red) while the
reverse causes a shift to the left (black). As a result, the separation between the two
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centroids is twice the meanlife of the decaying state. Beyond lifetime measurements,
the systematic time shifts are also useful in ordering   rays within a decay scheme.
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Figure 3.8: Schematic representation of a time distribution in which the lifetime clearly
appears as a slope in the delayed part of the time spectrum. The slope gives the lifetime
of the decaying state.
For a longer lifetime that can manifest itself as a slope, see Figure 3.8, the experimen-
tally determined delayed time spectrum, with the random coincidences subtracted,
can be considered as a convolution of the prompt time distribution P (t) with an
exponential decay curve f(t) [Ols66, Lo¨b75]. With the prompt time distribution
approximated by a Gaussian function, the experimental delayed time distribution
can be expressed analytically as [Mac89]
F (tj) =  
Z +1
A
e  (tj t)
2
e  (t A)dt, (3.1)
where   denotes the normalization constant, A is the centroid of the Gaussian
prompt distribution,   is a parameter determining the width of the Gaussian
prompt distribution, and t and tj denote time. The corresponding decay constant
 , which is related to the meanlife by ⌧ = 1/ , can be estimated from the expo-
nential component (if the lifetime is su ciently long), or by fitting the convoluted
form if the slope is not su ciently clear. This is known as the convolution
method [Bos66, Ols66].
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Unlike the convolution and centroid shift methods, analysis of the long lifetimes
using the slope method does not require knowing the time distribution of the
prompt spectrum. The three methods are best suited for intermediate states in a
decay scheme, where both the feeding and depopulating transitions are observed.
Ob1a Ob4 Ob1 Ob2 Ob5 Ob3 Ob6 
825 ns 
1 ns 1 ns 
Be
am
 p
ul
se
 
Out-of-beam prompt prompt 
t0 tf 
Be
am
 p
ul
se
 
Figure 3.9: Representation of beam pulsing conditions as applied in the present work
to investigate the isomeric states. The seven segments Ob1a-Ob6 denotes the          
cubes used to measure the isomeric lifetimes. Note that the time reads from right to left.
In cases where an experiment utilises a pulsed or chopped beam, decays of
longer-lived isomeric states can be clearly isolated from the prompt decays by
considering only the data recorded between the beam pulses. The intensities of the
depopulating transitions from isomers across this beam-o↵ region will decrease with
increasing time as shown figure 3.9. The rate of decrease depends on the lifetime
of the isomer. A plot of intensity variations for these transitions as a function of
time reveals the lifetimes of such isomers. The upper limit that can be measured
with this method depends on the time interval between the beam pulses [Lo¨b75].
This method is best suited for the measurement of the highest populated isomer
rather than lower isomeric states. For the lower states, the deduced lifetime from
this method contains lifetime components from all of the higher-lying isomeric states.
The analysis of the time di↵erence spectra requires the data to be sorted into
        t-cubes, where t is the time di↵erence between   rays. For the other
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method using chopped-beam and pulsed-beam measurements, the data is sorted
into          -cubes with specific time cuts to enable intensity measurements in
di↵erent time regions. Details of all the data sorts are explained in section 3.6.
Examples of actual time spectra, both prompt and showing lifetimes, as well as
details of the lifetime analysis and fitting, are found in Sects. 4.2.2 and 5.2.4 for
183Ta and 182Ta, respectively.
3.5 Spin and parity assignment methods
Relative spins and parities of states in level schemes can be derived from the multi-
polarities of the observed transitions. Many methods have been developed over the
years to e↵ectively deduce these multipolarities. For a given decay scheme, one or a
combination of such methods can be applied depending on the available information.
This section describes the two methods;      angular correlations and determining
internal conversion coe cients, that were used in the present work. The two meth-
ods are based on the common practice of comparing the experimental observations
to theoretical predictions in order to derive the spins and parities.
3.5.1 Derived internal conversion coe cients
Experimental values of conversion coe cients compared with corresponding theo-
retical values, can be used to deduce the multipolarities of  -ray transitions [Sie66].
Theoretical values of the conversion coe cient can be obtained from the online
conversion coe cient calculator (BRICC) by Kibe´di et al. [Kib08]. For experimental
conversion coe cients, the most direct method would be to measure the emitted
electrons directly. The ratio of the measured intensity of conversion electrons to
that of emitted   rays gives the experimental ↵T values. However, the conversion
electrons were not measured in this experiment so a di↵erent approach is needed.
Intensity balances
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In the present work, the experimental ↵T values are deduced indirectly from  -ray
intensity balances between transitions that feed and depopulate a nuclear state.
The approach works well if the level scheme is fed by an isomer and the out-of-beam
coincidences are considered, since the isomeric decay gives a well-defined pathway
for the intensity flow. In such a case, it is appropriate to assume that, across each
intermediate state, the incoming total transition intensity, IT , is equivalent to the
total outgoing transition intensity. The total intensity IT is the sum of the intensity
due to  -ray decay and the intensity due to internal conversion. The total transition
intensity IT is related to ↵T from the competing internal conversion process by
IT = I (1 + ↵T ), (3.2)
where I  denotes the intensity of the emitted   ray. The quantity I  depends on the
e ciency ✏  of the  -ray detector in use. The e ciency of detectors normally depends
on the energies E  of the transitions. For a given  -ray transition, its intensity I 
can be measured from the total counts in the peak and the corresponding e ciency
by
I  =
Icounts
✏ 
. (3.3)
Using figure 3.10 to illustrate this method, suppose the spin and parity of the ⌧1
isomer and the multipolarity for  1 are unknown. By setting a double gate on  5
and  6 in the out-of-beam  3-cube, or a single gate in a  2-matrix, it is possible to
measure I  for both  2 and  1. If the multipolarity of  2 is known, one can deduce
the internal conversion coe cient of  1 from the total intensity balance IT between
 1 and  2. The deduced ↵T ( 1) can then be compared to theoretical values [Kib08]
to deduce the corresponding multipolarity of  1 and hence the spin and parity for
the isomer.
Note that low-energy transitions are highly converted and ↵T can be easily measured,
whereas for high-energy transitions (⇠0.4 MeV or more), the internal conversion
becomes weak, making this method less accurate. In such a scenario, the      -
angular correlation measurements tend to o↵er a much better solution, especially in
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Figure 3.10: A decay scheme to illustrate the use of intensity balances and conversion
coe cients to assign spins and parities. The spin and parity for the ⌧1 isomer can be
derived from  1 and  2 intensity balances, see text.
modern experiments where highly e cient multi-detector spectrometers are used.
3.5.2 Angular correlations
Theoretical investigations have shown that for two successive transitions, say  1
and  2, there exists a correlation between the directions of propagation of the two
transitions [Ham40, Ros53]. Such a correlation can be described by the function
W(✓) which gives the probability that the second transition,  2, is emitted at an
angle ✓ relative to the first transition  1 (see figure 3.11). This also represents the
intensity of either of the transitions in a given direction, and is related to the angular
momenta of the states I1, I2, I3, and the multipolarities  1 and  2 of the transitions
(see page 997 in Ref. [Sie66]). The function W (✓) is defined as
W (✓) = 1 + A22P2cos(✓) + ........+ AkmaxkmaxPkmaxkmaxcos(✓), (3.4)
where Pk(cos(✓)) are the Legendre polynomials while Akk are the angular correla-
tion coe cients. The highest term in equation 3.4 is determined by the selection
rule kmax=Min(2I2, 2 1, 2 2). The experimental result of     -angular correlations
usually yields only A22 and A44. Since higher Akk values have not been observed,
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this suggests kmax=4 for the theoretical equation 3.4. They are related to the spins,
transition multipolarities, and the mixing ratios  1 and  2 of the transitions by
Akk = Ak( 1 
0
1I1I2)Ak( 2 
0
2I3I2), (3.5)
where
Ak( 1 
0
1I1I2) =
Fk( 1 1I1I2) + 2 1( 1)Fk( 1 
0
1I1I2) +  
2
1( 1)Fk( 
0
1 
0
1I1I2)
1 +  21( 1)
, (3.6)
for the first transition with mixing ratio  1, and with a similar expression for
Ak( 2 
0
2I3I2) involving  2 and where  
0
i =  i + 1 corresponds to the second low-
est multipolarity for transition i. The coe cient Fk(  
0
I1I) is defined by
Fk(  
0
IiI) = ( 1)Ii+I 1[(2 +1)(2 0+1)(2I+1)(2k+1)] 12
0B@    0 k
1  1 0
1CA
8><>:    
0
k
I I Ii
9>=>; .
(3.7)
The arrays in { } and ( ) brackets are the Wigner 3-j and 6-j symbols respec-
tively [Rot59].
Both early and recent publications have already demonstrated how valuable      -
angular correlations can be for determining the transition multipolarities. Their
application with large  -ray detector arrays such as EUROGAM and NORDBALL
has been reported by Ekstro¨m [Eks92] and Paul [Pau95]. Previous results from
deep inelastic reactions using the GAMMASPHERE array have been published by
Dracoulis et al. [Dra05] and Wanatabe et al. [Wan09], as well as in a report by
Lee [Lee06].
In order to evaluate correlation data, the coincident   rays were sorted into ten
 - -matrices corresponding to sets of detector pairs that had di↵erent angles of
detection between them, ✓. Setting gates in these matrices led to the projection of
spectra and the measurements of coincidence intensities for each angle di↵erence
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Figure 3.11: (a) Schematic view of a  -ray cascade from nuclear excited states. (b) Angles
in a directional correlation of two successive transitions  1 and  2. The intensities detected
in each detector depends on the angle ✓ between the planes. Figures adapted from [Kra73].
✓. The e ciency corrected  -ray intensities from the projected spectra can be
plotted as a function of either the angle ✓ or cos2(✓). These data can then be fitted
with equation 3.4 to deduce experimental values of A22/A44 and the corresponding
angular correlation curves. There is always a possibility that for any chosen pair
of transitions in cascade  1 and  2, either one or both of the  -rays are mixed.
Only two types of mixed  -ray transitions have been observed in the present work,
that is a mixed M1 + E2 transition and the more rare E1 + M2 mixture. The
corresponding mixing ratio   can take a positive or a negative sign, and the angular
correlation analysis is the only method used in the present work that is sensitive
to the sign of   (see section 2.6). In the present work, experimental   values
where determined by a  2-analysis of the angular correlation data using the Delta
program [Eks84]. The input parameters to this program are the experimental values
of A22 and A44 that are determined from fits of the angular correlation function.
In order to deduce the mixing ratios, several plausible spin combinations were
first suggested for a given      -correlation. Based on the lifetimes expected for
certain multipolarities, the spin combinations corresponding to either dipoles or
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quadrupole transitions were preferred. Higher-order multipole transitions such as
octupoles are usually unlikely in the absence of long lifetimes. For the di↵erent
spin combinations suggested, and across the full range of possible mixing ratios, the
degree of agreement between the calculated angular correlation and the measured
values is used to deduce  2 as a function of  . From these plots, the best-fit value
of the mixing ratio for a transition is deduced from the location of  2min. All
those spin combinations with  2min that appear above the 99% confidence limit are
highly unlikely and can be excluded. Where a non-zero mixing ratio was observed
for a suggested spin change of  I = 1, an E2/M1 mixed dipole can usually be
distinguished from the less common M2/E1 on the basis of the expected lifetime
for the (slow) M2 component. For zero mixing ratio, either a pure E1 or pure M1
can be suggested depending on other additional experimental observations such as
conversion coe cients. For pure quadrupole transitions, a pure E2 can be adopted
unless there is a long lifetime that might suggest M2. Where possible, angular
correlation curves for known transitions were measured as a test for the method.
Figures 3.12, 3.13 and 3.14 illustrate the expected angular correlation curves and
A22 and A44 values for various combinations of unstretched (  >  I) and stretched
(  =  I) dipole and quadrupole transitions. The curves were produced by Dr Greg
Lane using the DCOPLOT program developed by Professor Andrew Stuchbery, both
at the ANU Nuclear Physics Department.
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Figure 3.12: Expected angular correlation,W (✓), for various combinations of unstretched
(  >  I) and stretched (  =  I) E1 and E2 transitions. The values shown for A2 and
A4 denote the angular correlation coe cients, A22 and A44, that are defined in the text.
The spin sequences used for each correlation are denoted by numbers such as 12-10-8 etc.
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Figure 3.13: Expected angular correlation,W (✓), for combinations of stretched (  =  I)
M1/E2 and E2 transitions showing various positive mixing ratios ( ). The values shown
for A2 and A4 denote the angular correlation coe cients, A22 and A44, that are defined
in the text. The spin sequences used for each correlation are denoted by numbers such as
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Figure 3.14: Expected angular correlations, W (✓), for combinations of stretched (  =
 I) M1/E2 and E2 transitions showing various negative mixing ratios ( ). The values
shown for A2 and A4 denote the angular correlation coe cients, A22 and A44, that are
defined in the text. The spin sequences used for each correlation are denoted by numbers
such as 11-10-8 etc.
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3.6 Experimental details
The current work is part of an ongoing research program within the Department
of Nuclear Physics, ANU, to investigate the structure of nuclei in and around the
A=180 region. As a result, a series of experiments were carried out using di↵erent
targets and experimental conditions to populate as many isotopes as possible in
this region, particularly the unexplored neutron-rich nuclei. The experiments were
performed at Argonne National Laboratory (USA) using the GAMMASPHERE
array. Results reported in this thesis are mainly from deep-inelastic reactions
between a 136Xe beam and a thick 186W target. Additional data from the 136Xe
beam incident on 185Re, 187Re and 192Os targets were also used for isotopic
assignments.
3.6.1 Data with 186W target
In this measurement, a beam of 840 MeV 136Xe ions from the ATLAS accelerator
was incident on a 99.8% enriched, 6 mg/cm2 186W target, with a 25 mg/cm2 197Au
backing. GAMMASPHERE was used with 99 Compton-suppressed HPGe detectors
operational. In this experiment, the coincidence overlap between any two or more
  rays was set to approximately ± 800 ns and just over 1 billion coincidence events
with three or more   rays were collected. Two sets of beam conditions were used
to isolate states with di↵erent lifetimes:
• Pulsed beam: 1 ns beam pulses at 825 ns intervals.
• Chopped beam: longer time intervals for studying longer lifetimes (⇠5µs
or more)
3.6.2 O✏ine data sorts
Most of the initial o✏ine data sorts were carried out by Dr Greg Lane for both
the chopped-and pulsed-beam data using methods described in Ref. [Cro01]. From
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the pulsed-beam data, those events between 102-720 ns after the beam-pulsed were
classified as delayed and correspond to decays from isomers. The prompt data
as defined in the present work corresponds to the beam-on events and includes
  rays observed from 30 ns before up to 100 ns after the beam-pulse. The following
histograms were generated for data analysis:
•           coincidence cube: (Out-of-beam)
•           coincidence cube: (In-beam)
•         t coincidence cube: (For intermediate analysis looking at time
di↵erence lifetimes)
• seven separate           coincidence cubes: (Out-of-beam), Gated on
di↵erent out-of-beam regions for lifetime measurements (see section 3.4).
Data from 185Re, 187Re and 192Os targets were also available under essentially iden-
tical conditions. All the above are used for general initial analysis and level scheme
construction. In addition, a very large variety of more complex specialised sorts
were perfomed to isolate specific structures in specific nuclei. These were performed
by the author using codes developed by Dr Greg Lane. Details of these specialised
sorts are given as appropriate in Chapters 4 and 5.
Chapter 4
Results and level scheme for 183Ta
This chapter focuses on previous information known for 183Ta as well as the current
experimental findings.
4.1 Previous studies on 183Ta
Excited states in 183Ta were previously studied by Shizuma et al. [Shi09] using the
two-neutron transfer reaction 181Ta(18O, 16O). Figure 4.1 shows the level scheme
they obtained. The rotational bands built on the 7/2+[404], 9/2 [514] and 5/2+[402]
proton states were reported up to moderate spins and an isomeric state with ⌧=
1300(400) ns that feeds towards the 9/2 [514] structure via a possible  -vibrational
band was also reported. No discrete  -ray transitions were observed to depopulate
the isomer and so its excitation energy remains unknown. The tentative spin, par-
ity and configuration assignments for the isomer were based on assumptions made
concerning the unobserved transition depopulating it, as well as the analysis of the
(13/2 ) band.
Figure 4.1: Partial level scheme for 183Ta established by Shizuma et al. [Shi09] showing
rotational bands built upon the low-lying proton states and the ⌧= 1300 ns isomer.
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4.2 Current analysis and results for 183Ta
4.2.1 New states in 183Ta
The 5/2+[402] band previously reported by Shizuma et al. [Shi09] is not observed in
either the prompt or delayed data in the current work, presumably because it is not
fed by a higher-lying isomer and is also su ciently non-yrast to not be populated
strongly in the deep-inelastic reaction. However, several new   rays have been placed
below and above the 1300 ns isomer and a new complete level scheme feeding via
this isomer has been constructed as shown in Figure 4.2; note that lifetimes are
given in this figure, not halflives. Also, note that the 1300(400) ns isomer lifetime
from Ref. [Shi09] has been remeasured in this work (see Sect. 4.2.2) and the new
value of 1200 ns is shown in Fig 4.2 and used to describe the isomer from now on.
The properties of all the   rays in this level scheme are summarised in Table A.1.
This section is focused on the new in-beam and out-of-beam transitions, and their
coincidence relationships, that establish the level scheme. In the initial analysis,
several gate combinations were first set in the out-of-beam region using the known
  rays below the 1300 ns isomer. All the known   rays fed by the isomer were
observed, confirming the population of 183Ta in the 136Xe + 186W deep-inelastic
reaction.
Figure 4.3(a) shows a sum of several spectra from the out-of-beam data, double-
gated on known transitions in the 9/2 [514] band. New transitions are observed
at 443, 465 and 674 keV while the known 73 keV transition clearly confirms the
population of the 7/2+[404] ground state. A representative coincidence spectrum
double gated on the known transitions of 158 and 238 keV in the 9/2 [514] band is
shown in Figure 4.3(b). The absence of the 262 keV   ray (see Figure 4.1) implies
that the two new transitions at 443 and 465 keV directly feed the 867 keV level
depopulated by the 238 keV transition.
The absence of the 443 keV   ray in Figure 4.3(c) implies that the 443 and the
465 keV transitions are parallel. The sum across the 158, 186, 212, 238 and
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Figure 4.2: New level scheme for 183Ta deduced in the current work. New   rays of
443 and 465 keV established the unobserved 23 keV transition from the previously known
isomer with a lifetime now measured as 1200 ns. Extensive new structures feeding the
isomer are now observed.
443 keV cascade is equal to that across the 833, 404 keV cascade, implying that
the 443 and 404 keV transitions directly depopulate the same (1310 keV) level.
70 Results and level scheme for 183Ta
700 800 900
0
200
0
500
1000
1500
0
20
40
Co
un
ts
100 200 300 400 500
Energy (keV)
0
20
40
Ta
-X 73
15
8
18
6
19
7
20
8
21
2
23
8
83
2
87
1 8
93
68
5
68
0
67
4
11
0
14
5
29
1
34
4
46
5
39
8
44
3
21
2
44
339
8
46
5
45
0
73
158/465
Ta
-X
18
6
Ta
-X
73
18
6
21
2
23
8
(a) summed 
158/238 
double-gates
(b)
(c)
(out-of-beam)
Figure 4.3: Out-of-beam, double-gated coincidence spectra with dots representing un-
known contaminants. (a) Summed spectra from double gates on the known   rays from
Ref. [Shi09], (b) The 158/238 coincidence spectrum shows new 465 and 443 keV   rays in
183Ta. (c) The 158/465 coincidence spectrum shows that the 443 keV transition is parallel
to that at 465 keV.
While Shizuma et al. [Shi09] did not discover the 443 and 465 keV transitions they
suggested the energy of the unobserved isomeric transition to be less than 50 keV
for E1 or 100 keV for M1 and E2 alternatives. Two conclusions can be drawn
from these observations, (a) the 465 keV   ray directly depopulates the isomer,
and (b) 23 keV is the energy of the unobserved transition that also depopulates the
1332 keV isomer and takes the majority of the intensity.
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Figure 4.4: (a) New   rays obtained by double-gating on the transitions below the
1332 keV isomer and projecting the preceding transitions in the out-of beam data. (b)
Known   rays obtained by double-gating on the new transitions and projecting transitions
that arrive later in time. These results suggest the presence of a new isomer feeding the
known one at 1332 keV.
By selecting pairs of transitions below the 1332 keV isomer that exhibit clean double-
gates and projecting   rays arriving earlier in time by 30-800 ns, but still out-of-
beam, a total of 15 new   rays were observed that must decay from a higher-lying
isomer. The projected early   rays are shown in Figure 4.4(a). Of these, the 145
and 255 keV transitions were previously observed by Shizuma et al., but only in the
prompt data, suggesting they directly feed the isomer. By selecting pairs of clean
double gates from this new set of transitions and projecting   rays arriving later in
time by 30-800 ns, all known   rays below the 1332 keV isomer were observed (see
Figure 4.4(b)) These observations suggest that at least one other isomer lies above
the 1332 keV state. Slight variations on this general procedure have been applied
to search across all isomers found.
Figure 4.5(a) shows a double gate on the 145 and 426 keV transitions. The 255,
663 and 717 keV   rays are not observed in the spectrum. The sum of 110 and
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Figure 4.5: (a) and (b) show double-gated spectra from the out-of-beam cube demon-
strating coincidence relationships for the new transitions. Gated spectra such as these
enabled the ordering of all the  -ray transitions between the 1332 and 2475 keV levels as
shown in the level scheme.
145 is 255 keV, implying that the 110 and 145 keV transitions are parallel to the
255 keV  -ray, which is confirmed by coincidence relationships. A double gate on
145 and 717 keV as shown in figure 4.5(b) reveals the absence of 291 and 426 keV
  rays whose sum is equivalent to 717 keV. As a result, the 291 and 426 keV
transitions were placed parallel to both those at 663 and 717 keV. The unobserved
54 keV transition was inferred from the di↵erence between parallel 717 and 663 keV
transitions. Positive identification of a   ray at this energy is problematic because
of the proximity to the tantulum and tungsten (target) X-rays, and the high
expected level of internal conversion at such a low energy. The ordering of the
145/110 and 291/426 keV cascades was based on their measured intensities in the
prompt data, while that for the 54/663 keV cascade was based on the predicted
states from model calculations, as will be discussed later in Chapter 7.
The double gate 649/249 keV shows the absence of 133, 171, 186, 478 and 594 keV
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Figure 4.6: (a) and (b) show double-gated spectra from the out-of-beam cube demon-
strating coincidence relationships for the new transitions. Gated spectra such as these
enabled the ordering of all the  -ray transitions between the 2304 and 3202 keV levels as
shown in the level scheme.
transitions, while the 171/478 keV double gate shows the absence of 133, 594 and
649 keV   rays, see Figure 4.6. These coincidence relations enabled the ordering
of  -rays between the 2304 and 3202 keV levels as shown in Figure 4.2. The
unobserved 64 keV transition is inferred from the energy di↵erence between the
parallel 186 and 249 keV   rays. Similar to the 54 keV transition, its identification
is problematic because of its proximity to the tantalum and tungsten X-rays. The
order of the 64 and 186 keV transitions remains unclear.
The observed time di↵erences measured between these   rays, as shown in sec-
tion 4.2.2 below, further confirms the ordering in the level scheme. For example,
the fact that the 478 keV transition feeds an isomer above the 145, 171, 291 and
426 keV   rays can be clearly seen in the measured time di↵erences. Similarly, the
ordering of the 153, 240 and 275 keV cascade relative to the rest of the transitions
between the 3202 and the 1332 keV levels is based on the measured time di↵erences
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Figure 4.7: (a)-(c) In-beam, double-gated spectra obtained from in-beam cube, showing
prompt feeding   rays at 319, 337, 383, 395 and 629 keV.
(see Figure 4.11 (f)-(h)), while the ordering of these three transitions within the
cascade is based on the measured in-beam intensities, with the highest in-beam
intensity measured for the 275 keV   ray, thus placing it at the bottom of the
cascade. The 153 keV transition, having the lowest in-beam intensity, is placed
directly below the 3870 keV level.
Figure 4.7 shows in-beam spectra, double-gated on some of the new transitions above
the 1332 keV level. Five additional transitions at 319, 337, 383, 395 and 629 keV,
are observed. The absence of the 337 keV   ray in Fig 4.7(b) and (c) places it
parallel to the 171 keV transition, while the absence of 319 and 337 keV lines in
Figure 4.7(c) suggests that the two   rays are parallel to all transitions above the
§4.2 Current analysis and results for 183Ta 75
2475 keV level. The placement of the 383, 395 and 629 keV transitions above the
3870 keV level is confirmed from Figure 4.7(c), as well as by projecting early   rays
that feed this level.
4.2.2 Lifetime measurements in 183Ta
The lifetime for the 73 keV state in 183Ta has been measured twice previously,
yielding ⌧=146(28) ns [Shi09] and ⌧=154(16) ns [Fir92]. In the current work,
a value of ⌧=157(4) ns was deduced from time di↵erences between the 73 keV
isomeric transition and the 832, 871, 893 keV feeding transitions, in good agreement
with the previous measurements, but with a higher precision (see Figure 4.8).
A lifetime of ⌧=1300(400) ns for the 1332 keV isomer was previously reported
by Shizuma et al. [Shi09] following from particle-  time-di↵erence measurements.
The long lifetime of this state yielded insu cient statistics between the populating
and the depopulating transitions in the present work, and hence a time-di↵erence
measurement was not possible. Instead, the lifetime of this state was measured
from the intensity yields of the depopulating transitions in seven  - -  cubes gated
on contiguous regions between the beam bursts. Figure 4.9 shows the lifetime of
⌧=1200(140) ns deduced for the isomer, consistent with the previously reported
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Figure 4.8: Summed spectrum of time di↵erences between the 73 keV   ray (stop) and
the 832, 893 and 871 keV   rays (start), yielding the lifetime of the 73 keV isomer in 183Ta
as ⌧=157(4) ns.
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Figure 4.9: Representative decay curve for the 1332 keV isomer in 183Ta, derived from
the intensity variation of the depopulating transitions across seven  - - -cubes in the
out-of-beam region. A lifetime of ⌧=1200(140) ns was deduced for this state.
value. The lifetime of most states above the 1332 keV level were directly probed
from time-di↵erence spectra between the feeding and the depopulating transitions.
Figures 4.10 and 4.11 show time di↵erence spectra from several  -ray pairs between
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Figure 4.10: Time di↵erence spectra for  -ray pairs in the region between (a) the 1332
and 2475 keV levels and (b) the 2475 and 3870 keV levels. The spectra are compared to
the spectrum from a known prompt  -ray pair in the strongly populated target nucleus
186W. The absence of significant centroid shifts suggests none of the levels involved are
isomeric.
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Figure 4.11: (a)-(h). Time-di↵erence spectra between  -ray pairs across the 2475 keV
state. The first energy is the starting transition, while the second is the stopping transi-
tion. The time spectra confirm that the 2475 keV state is isomeric and also establish the
separation of the feeding and depopulating transitions on each side of the isomer.
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Figure 4.12: Lifetime curve for the 2475 keV isomer in 183Ta, produced from a sum of
time di↵erence spectra starting on 478 keV and stopping on 171, 426, 291 and 145 keV
transitions. A lifetime of ⌧ = 41(4) ns can be deduced.
the 1332 and 3870 keV levels. From both centroid shift and slope measurements,
no measurable lifetimes are observed for the intermediate states between these two
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Figure 4.13: Decay curve for the 3870 keV isomer in 183Ta, derived from the coincidence
intensity variation of the depopulating transitions in the out-of-beam region. A lifetime
of ⌧=70(5) ns was deduced.
levels except for the 2475 keV level as shown in Figure 4.11. A value of ⌧ = 41(4) ns
was deduced from time di↵erences between the 478 keV   ray and the 171, 426,
291 and 145 keV transitions (see the summed spectrum in Figure 4.12). The
time-di↵erence spectra also confirm the ordering of all the transitions above the
1332 keV level. From the coincidence intensity variation between the beam bursts,
the mean lifetime of the uppermost isomer at 3870 keV was found to be 70(5) ns
(see Figure 4.13).
4.2.3 Spin and parity assignments
7/2+[404], ground state
The rotational states built on this level that were reported by Shizuma et al. [Shi09]
are not observed in the present work which is more sensitive to states fed by isomers.
The presence of the known 73 keV transition confirms the population of the ground
state in the current data. From the intensity balance between the 73 keV transition
and the 158 keV transition, the total conversion coe cient (see Figure 4.14) for the
73 keV   ray was deduced. The calculation accounts for the  =0.196(7) mixing
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ratio for the 158 keV transition as deduced from the in-band branching ratios (see
Chapter 7). Although the expected value falls outside the measured uncertainty, E1
multipolarity is clearly preferred for this transition, consistent with Ref. [Shi09].
9/2 [514] isomer at 73 keV
Shizuma et al. [Shi09] previously assigned the 9/2 [514] configuration to the band
built upon this isomer based on the in-band decay properties. In the present work,
the 9/2  band-head assignment is confirmed from the E1 assignment to the 73 keV
transition.
19/2+ isomer at 1332 keV
Shizuma et al. [Shi09] made a tentative K⇡=19/2+ assignment for the 1200 ns
isomer based on K-hindrance considerations and did not observe the depopulating
transition. Although the direct depopulating transition at 465 keV has now
been observed, the poor statistics for this weak branch meant that no angular
correlation or conversion coe cient measurements were possible. To determine the
multipolarity of the 23 keV and 465 keV transitions, several possible spins and
parities of K⇡ = 19/2± or K⇡ = 21/2± were assumed for the 1332 keV isomeric
state and the ambiguity eliminated by inspection of the implied transition strengths
of the depopulating decays.
The procedure followed for each K⇡ case is that the implied multipolarities of the
23 and 465 keV transitions were deduced, and the  -ray intensities were determined
based on the measured  -ray intensity for the 465 keV transition, whereas intensity
balances across the 1310 keV level and theoretical conversion coe cients were used
to deduce the  -ray intensity for the 23 keV transition. These intensities are derived
from the 200-800 ns delayed  -ray spectrum, projected relative to the 1332 keV
isomer.
The transition strengths and the reduced hindrances thus obtained for the 23
and 465 keV transitions are shown in table 4.1. Since E1 transitions are already
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Table 4.1: Transition strengths and corresponding reduced hindrances for the 465 and
23 keV transitions, assuming di↵erent spins and parities for the 1200 ns isomeric state.
The intensity of the unobserved 23 keV transition is inferred from the intensity balance
across the 1310 keV state and implied conversion coe cients. An intensity limit of <30
counts was assumed for both the unobserved 230 and 703 keV transitions.
I⇡ E  XL I  ↵T B(XL) FW ⌫ f⌫
(keV) (W.u)
19/2  22.7b M1 2.29(15)b 57.46 3.68(54)⇥10 5 2.7(4)⇥104 2 165(10)
465.4 M1 4.1(8) 0.0628 7.7(19)⇥10 9 1.3(3)⇥108 4 115(8)
230b E2 < 0.93b 0.1876 < 1.8⇥ 10 4 > 5.6⇥ 103 1 > 5600
703b E2 < 1.56b 0.0090 < 1.1⇥ 10 6 > 9.1⇥ 105 3 >97
19/2+ 22.7b E1 27.01(178)a 3.95 4.1(6)⇥ 10 6 2.44(37)⇥ 105 2 494(37); 5.0(4)a
465.4 E1 4.14(83) 0.00799 7.3(18)⇥ 10 11 1.4(3)⇥ 1010 4 342(21); 34(2)a
230b M2 < 0.93b 1.98 < 1.4⇥ 10 2 > 71 1 > 71
703b M2 < 1.56b 0.0592 < 8.4⇥ 10 5 > 1.2⇥ 104 3 > 22
21/2+ 22.7b M2 0.015(1)b 8904 2.1(3)⇥101 4.8(7)6⇥10 2 2 0.2
465.4 M2 4.14(83) 0.2004 1.5(4)⇥10 3 6.7(18)⇥102 4 5.0(3)
21/2  22.7b E2 0.036(25)b 3790 4.7(7)⇥10 1 2.1(3) 2 1.5(1)
465.4 E2 4.14(83) 0.0242 1.5(4)⇥10 5 6.7(18)⇥104 4 16(1)
(a): Italic values are reduced hindrances with a 104 normalisation factor included for the hindered
E1 transitions.
(b): Energies and intensities of unobserved 23, 230 and 703 keV transitions.
hindered by large factors, the reduced hindrances for E1 transitions were calculated
both with (in italics) and without (normal font) an additional factor of 104 in the
nominal single particle hindrance. Reasonable values for the reduced hindrances
(expected range 30-300) are only obtained for a 19/2+ assignment to the isomeric
state. Further discussion on the possibilities and this deduction are given below.
For K⇡=19/2 , there are potential E2 transitions of 703 and 230 keV that
should directly depopulate the isomer and feed the 629 and 1103 keV states,
respectively. Such transitions were not observed in any of the (various) out-of-
beam, double-gated spectra or in the delayed spectrum measured across the isomer.
Hence, upper intensity limits were deduced, giving limits on the reduced hindrances
for the possible 703 and 230 keV transitions of f⌫ > 97 and f⌫ > 5600 respectively.
The latter limit e↵ectively rules out the 19/2  assignment.
§4.2 Current analysis and results for 183Ta 81
The 21/2+ possibility can be ruled out on the basis of the very low values of the
reduced hindrances for the 465 and 23 keV transitions, both of which that fall
outside the expected range.
For the 21/2  alternative, both notional E2 decays of 23 and 465 keV are fast,
however, they could have been enhanced by mixing between the isomer and the
21/2  state in the 9/2  band, resulting in the low reduced hindrances. If the entire
strength of the 465 keV transition were due to a collective admixture of the K⇡ =
9/2  wavefunction into the isomeric state wavefunction, a mixing matrix element of
23 eV would be implied, as deduced using the method described in [Dra06, Kon04];
this is a reasonable value. However, in this scenario, there should also be a
203 keV M1/E2 transition from the isomer to the known 19/2  band member at
1131 keV, with a branching ratio relative to the 465 keV transition that is con-
sistent with the collective properties expected (and observed) in the 9/2 [514] band.
For the decays from the isomer to reproduce the average |gK   gR| for the in-band
decays, the intensity ratio   = I ( I = 2; 465)/I ( I = 1; 203) would have to be
1.07(13), but the observed limit is   > 2.57, suggesting K⇡ = 21/2  is unlikely.
It should be noted however, that across the light, odd-mass tantalum isotopes,
including neighbouring 185Ta [Lan09], 21/2  isomers are systematically observed,
implying that this spin and parity assignment might still be a candidate.
The remaining possibility for the spin assignment is 19/2+. The measured reduced
hindrances for the 23 and the 465 keV transitions are within acceptable limits, as
are the limits for the possible 703 and 230 keV M2 transitions of f⌫ > 22 and
f⌫ > 71, respectively. The multi-quasiparticle calculations in Chapter 6 will further
demonstrate that the 19/2+ assignment is favoured for the 1332 keV isomer.
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States at 1477, 1587 1878, 2250 and 2304 keV
For most decays from these states, the statistics were su cient for e↵ective angu-
lar correlations and for conversion coe cient measurements via intensity balances.
Figure 4.14 shows those conversion coe cients that could be evaluated from inten-
sity balances, while Figures 4.15 and 4.16 show the angular correlations measured
for many of the transitions above the 1332 keV isomer. The conversion coe cients
for both the 145 and 110 keV transitions suggest E1 character, implying 21/2 
and 23/2+ for the 1477 and 1587 keV levels, respectively. This observation is also
consistent with the  - -correlation results from which a pure stretched dipole for
the 110 keV transition is implied, assuming a pure stretched dipole for 145 keV.
The apparent absence of a lifetime for the states decaying by these low-energy E1
transitions is unusual and di cult to understand and will be explored further in
section 8.3.
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Figure 4.14: Total conversion coe cients deduced from intensity balances for some of the
transitions depopulating states in 183Ta. The plot compares the experimental observations
(data points with error bars) to theoretical expectations from Ref. [Kib08]
With the suggested pure E1 (or at least pure dipole) nature of the 110 keV transition,
the 291-110 keV correlation implies a non-zero mixing ratio of   = 0.24(7) for the
291 keV transition and hence either an E2/M1 or M2/E1 multipolarity. Due to
the absence of a measurable lifetime, the M2/E1 possibility seems unlikely, so the
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Figure 4.15: Angular correlations and deduced mixing ratios for selected transition pairs
between the 1332 and 2953 keV states in 183Ta. The non-zero mixing ratio for the 291 keV
 I = 1 transition suggests a possible collective state at 1878 keV.
1878 keV level is suggested to have I⇡ = 25/2+ and be a collective state rather than
an intrinsic state. With the total conversion coe cient measurement suggesting an
E1 multipolarity for the 171 keV transition, the 171-426 angular correlation supports
a pure stretched dipole assignment for the 426 keV   ray. Thus the 426 keV could
be a pure M1 or E1, with the latter implying that the 2304 keV level would be
84 Results and level scheme for 183Ta
27/2  and hence the 717 keV would be M2. This is highly unlikely considering the
short lifetime limit (⌧ < 5 ns) measured for the 2304 keV level (see Figure 4.10) and
hence I⇡ = 27/2+ is preferred.
29/2  isomer at 2475 keV
The isomer decays via the 171 keV, E1 transition to a 27/2+ state, leading to a
29/2  spin and parity assignment.
States at 2953, 3069, 3139, 3202, 3477 and 3717 keV
A dipole-dipole correlation between the 426 and 649 keV   rays shows mixing for
the 649 keV transition. Since an E2/M1 mixture is more favoured as compared
to M2/E1, only E2/M1 character need be considered. This would imply that
there should be E2 crossover transitions of 703 and 1075 keV to the 2250 and
1878 keV levels, but such transitions are not observed. On that basis, the E2/M1,
mixed dipole character is unlikely, although it cannot be ruled out completely. A
quadrupole assignment for the 649 keV transition gives a zero mixing ratio for
this transition from the angular correlation, consistent with either pure E2 or M2
character. AnM2 assignment would require a much longer lifetime for the 2953 keV
level, hence an E2 multipolarity is assigned and implies I⇡ = 31/2+ for the 2953 keV
state. The 31/2+ assignment is also supported by the information from the 240-
478 keV correlation.
The 3202 keV state decays via three branches of 133, 249 and (unobserved) 64 keV.
The deduced conversion coe cient for the 133 keV line is consistent with an E1
assignment for this transition. The 649-249 angular correlation with 649 keV as a
pure quadrupole shows a non-zero mixing ratio for a 249 keV dipole (see Fig. 4.16),
suggesting an E2/M1 character, since M2/E1 is ruled out by the absence of a
lifetime. In such a scenario, an E2 crossover to the 2953 keV state is anticipated,
however no such transition is observed. In addition, a mixed dipole 249 keV
transition would require one of either the 185 keV or (unobserved) 64 keV   ray
to be unstretched. The correlation shows no mixing for a 249 keV   ray having
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Figure 4.16: Angular correlations and deduced mixing ratios for selected transition pairs
between the 2304 and 3870 keV levels in 183Ta.
quadrupole character, consistent with an E2 multipolarity, since the 35/2+ level
has no observed lifetime. The 133 keV E1 transition defines I⇡=(33/2 ) for the
3069 keV level.
Intensity balances across the 3477 and 3717 keV states give deduced conversion
coe cients for the 153, 240 and the 275 keV transitions, suggesting M1 character
for both 240 and 275 keV while the 153 keV   ray is predicted to be E1 (see Figure
4.14). The angular correlations suggest pure stretched dipole character for both the
240 and 275 keV transitions (see Figure 4.16), consistent with M1 multipolarities.
This gives 37/2+ and 39/2+ for the 3477 and 3717 keV levels, respectively.
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41/2  isomer at 3870 keV
The isomer decays via a single E1 transition of 153 keV to the 39/2+, 3717 keV
state. Hence, I⇡ = 41/2  is proposed for the 70 ns isomeric state.
Chapter 5
Results and level scheme for 182Ta
This chapter discusses the published level scheme for 182Ta as well as the current
findings.
5.1 Previous studies on 182Ta
Several previous studies of 182Ta have been carried out, including  -decay
of 182Hf [Hel71], as well as 181Ta(n, )182Ta [Sun61, Cla68, Biz66, Hel71] and
181Ta(d,p)182Ta [Ers64] reactions. Early work on this nucleus was carried out by
Sunyar et al. [Sun61] from neutron activation of 181Ta. Three states with excitation
energies of 147, 319 and 503 keV were first reported. The 503 keV level was
identified as a T1/2=16 minute isomeric state that depopulated via 185 keV, E3
and 356 keV, M4 transitions, respectively, to rotational states at 319 and 147 keV
in the ground state band. The energy levels in this nucleus were also studied
by Erskine et al. [Ers64] using 181Ta(d, p), identifying several energy levels below
1 MeV. Meanwhile, Clark et al. [Cla68] discovered a ⌧=0.283 seconds isomer in
182Ta that was found to be fed by the 16 min isomeric state and then decayed
directly to the ground state. Their work also suggested that the rotational band
sequence previously reported by Sunyar et al. is actually built on this isomer rather
than the ground state. While its energy was not determined in that work, the
0.283 s isomer was proposed to be a K⇡ = 5+ state formed from a 9/2 [514] proton
coupled to a 1/2 [510] neutron.
The latest studies on the level structure of 182Ta were carried out by Helmer et
al. [Hel71] from the  -decay of 182Hf following the 180Hf(2n, ) reaction, as well as
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from the decay of 182mTa and the prompt   rays emitted following the 181Ta(n,  )
reaction; see figure 5.1(a)-(c) for a summary. K⇡ = 3  was assigned to the ground
state, with the K⇡ = 5+ state confirmed as the 0.283 seconds isomer and measured
at 16.5 keV. The 16 min isomer is a 10  state formed from a 9/2 [514] proton
coupled to a 11/2+[615] neutron.
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On the other hand, the data available are entirely consistent with a 100 % P-branch 
to the 270 keV level, In this case, the intensities in table 1 would yield total internal- 
conversion coefficients of 3 &2 and 3.6 f0.8 for the transitions of 97 and 114 keV, 
respectively. These values are both consistent with the theoretical coefficients ““) 
for pure Ml or mixed Ml + E2 transitions. 
2.3, DECAY OF ‘sZmTa 
Sources of 182mTa were produced by irradiating pieces of 0.0006 cm thick 
tantalum metal foif in a neutron flux of lOi n/cm2 - s for about ten minutes. The 
resulting y-ray spectrum is shown in fig. 4 and the corresponding y-ray energies and 
Figure 5.1: A summary of the known structures of 182Ta from previous studies; the figure
is adapted from Ref. [Hel71]. (a)-(b) shows the latest studies by Helmer et al. [Hel71] from
182Hf and 182mTa decays, respectively, while (c) is from prompt  -ray analysis following
the 181Ta(n,  ) reaction [Hel71]. The (d, p) data shown in (d) is originally from Erskine
et al. [Ers64].
5.2 Current analysis and results for 182Ta
The known structure following isomeric decay in 182mTa as reported by Helmer et
al. [Hel71] is observed in the current data. Figures 5.2(a)-(c) are three single-gated
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spectra taken from the 4 seconds chopped data with a       trigger, with gates on
the prior known 147, 172 and 185 keV transitions in 182Ta, respectively. The low
energy 16 keV transition is not observed in the current work; the energy is too low
to be detected by the HPGe detectors used in the array and in any case most of the
decay will be via internal conversion; it is also below a ⌧=0.283 seconds isomer and
will not be in coincidence with anything. The current data involving various pulsed
and chopped beam conditions for isomeric measurements, allows observation of the
decay from the very long lived 16 minute isomer, although its halflife is so long that
it is impossible to directly project the feeding/early   rays. The expected 356 keV
interband transition is not observed in the current data. However, the observed
limit on the decay branching ratio is consistent with the previous measurements
from Refs. [Biz66, Hel71].
5.2.1 New states in 182Ta
Setting double gates and other coincidence conditions in the out-of-beam data
revealed a new set of   rays in coincidence with tantalum X-rays. Analysis of the
yields of this sequence from various targets led to this structure being assigned to
182Ta. Its location feeding the 16 minute isomer corresponded with the expected
magnetic properties of the associated states, as will be discussed further below.
Figure 5.3 shows the deduced level scheme for 182Ta, including the new structure
built on the known K⇡ = 10  state. The properties of all the   rays in this
level scheme are summarised in table A.2. The present section is focused on the
coincidence relationships between these newly observed transitions that lead to the
established level scheme, as well as the isotopic assignment.
Figure 5.3 shows a rotational sequence above the 10  state fed by the 245 and
570 keV transition from a new isomer. Figure 5.4(a) shows a sum of clean double
gate combinations, including 267/287, 267/632, 287/570, 307/570 and 554/632,
that demonstrates clear coincidences with tantalum X-rays and that these   rays
are in mutual coincidence.
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Figure 5.2: (a)-(c) Single-gated spectra from the 4 s chopped beam data for the known
147, 172 and 185 keV transitions in 182Ta with dots representing unknown contaminants.
These   rays are also clearly observed when double gating in the out-of-beam data with
825 ns pulsing.
By using these same double gates and projecting the   rays that precede them
in time by 30-800 ns, a new set of transitions, including 132, 143, 278, 293, 346,
363, 391, 448, 468, 496, 638 and 709 keV, were identified (see figure 5.4(b)). Note
that the incremented   rays in this spectrum are from the out-of-beam region and
the spectra imply (a) the   rays in 5.4(a) are below an isomer, and (b) the   rays
in 5.4(b) are below a higher-lying isomer. Now, gating on these new   rays and
projecting a matrix of 30-800 ns delayed out-of-beam coincidence pairs gives the
original 267, 287, 307, 554, 570,594 and 632 keV set of   rays, as expected.
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The coincidence spectrum in figure 5.5(a) is a sum of double-gated spectra on the
570/287 and 570/307 combinations and shows the absence of 245, 594 and 632 keV
transitions. The summation of 267 and 287 keV equals 554 keV, while 287 plus
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Figure 5.3: Level scheme for 182Ta deduced in the current work. The new structure is
assigned to feed the known [Hel71] 10  isomeric state at 519 keV.
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Figure 5.4: (a) Sum of double-gated spectra from the out-of-beam cube showing a new
set of   rays in coincidence with tantalum X-rays. (b) Gamma-rays 30-800 ns early with
respect to transitions in (a), revealing another new set of feeding   rays. (c) Delayed matrix
projection with respect to transitions in (b) confirming the presence of a new isomer. The
early/delayed time relationships imply the presence of an isomeric state between the two
sets of transitions apparent in spectra (a)/(c) and spectrum (b). Filled circles indicate
unknown contaminants.
307 keV gives 594 keV. These coincidence relationships and energy sums place
the 267 and 287 keV parallel to 594 keV while the 287 and 307 keV are placed
parallel to the 594 keV line. Figure 5.5(b) shows the spectrum from summing
245/594, 632/267 and 632/554 double-gated spectra out of beam, revealing
a new transition of 325 keV together with the disappearance of the 307 and
570 keV   rays. The summation of 245 and 325 keV is equivalent to 570 keV,
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Figure 5.5: Sums of double-gated spectra from the out-of-beam cube demonstrating the
coincidence relations of the new transitions. These enable the ordering of all the  -ray
transitions between the 519 and 1950 keV levels in 182Ta.
while summing 325 and 307 keV gives 632 keV. These facts, together with the
results from fig 5.5(a), enabled the placing of the 245 and 325 keV parallel to
570 keV, with 632 keV parallel to both 307 and 325 keV. The crossovers fully con-
firm the ordering of all the transitions below the 1950 keV level in the decay scheme.
Figures 5.6 (a) and (b) show double-gated spectra involving the 293, 363 and 448 keV
  rays in the out-of-beam region. The double gate 448/293 keV shows the absence
of 132, 143, 278, 391, 468, 496 and 638 keV transitions, while the 448/363 keV gate
shows the absence of 132, 278, 391, 468, 638 and 709 keV   rays. These coincidence
relations enabled the ordering of all the   rays between the 1950 and 3399 keV levels
as shown in the level scheme. The absence of the 132 keV   ray in both spectra in
Figure 5.6 places it parallel to all the transitions above the 1950 keV level as shown
in the level scheme. The observed time di↵erences between these   rays are shown
in section 5.2.4 below, which further confirm the ordering and establish the isomer
lifetimes.
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Figure 5.6: Double-gated spectra from the out-of-beam cube with gates on (a) 448/293
and (b) 448/363 keV. These coincidence relationships lead to the ordering of transitions
between the 1950 keV and 3399 keV states.
5.2.2 Isotopic assignment from yields
The isotopic assignment for this new structure relies upon the comparison of
the normalised intensity yield measured for this structure and other neutron-rich
tantalum isotopes, obtained using targets of 185Re, 187Re, 186W and 192Os. This
section is focused on the detailed information from these target yield intensity
measurements.
Generally, the production cross-section of nuclei from deep-inelastic reactions
changes in a systematic way depending on how close they are to the di↵erent
targets used, provided that similar experimental conditions are maintained for each
target [Bro06, Kro´11].
For all the four targets used in this series of experiments, a 136Xe beam was used,
albeit with di↵erent running times and beam intensities. For the purpose of the
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present analysis, a set of clean double gates in the out-of-beam cube were produced
for the known isomeric decays in neutron-rich 181Ta, 183Ta, 185Ta, together with
those from the new structure. These same set of gates were applied to the cubes
from each target and the measured intensity yields were then normalised to the
yield of 197 and 381 keV transitions from inelastic excitation of the beam nucleus,
136Xe, to account for the di↵erent total beam fluxes on each target. In order to
establish the trend lines, all the intensities were further normalised to the 186W
target, as it has the highest yields of 181Ta, 183Ta and 185Ta, as well as the new
structure. The deduced target yields versus isotopic mass are shown in figure 5.7.
(Note that the term “yield” is used for the values in Fig. 5.7, although strictly
speaking they are normalised yield ratios). The yields for the unknown which
appear at mass A=182 were first positioned at di↵erent possible mass candidates
in order to see if their placement would establish any meaningful trend lines. The
smoothest trends occur with the unknown structure placed at A=182. Further
details suggesting this are listed below.
Refering to figure 5.8 and taking a 185Re target as an example, the yields of neutron-
rich tantalum isotopes with mass A>182 might be expected to decrease with increas-
ing isotopic mass as they require additional neutrons to be transferred from the beam
to the target, contrary to the equilibrium mass flow.
Considering now the yield of 185Ta from the 185Re target, a much lower yield (<0.1)
is anticipated for any isotope of mass A>185 from the same target. The measured
yield (> 0.1) for the unknown structure in the 185Re target rules out its having
A>185. Again, considering the yields of the unknown structure relative to that of
183Ta, the possibility of the unknown to be 184Ta can be ruled out too, since much
lower yields would be expected compared to that of 183Ta, especially from the 185Re
target. The well-known isomeric states in 183Ta from both Shizuma et al. [Shi09] and
the extensions in the current work (see Chapter 4), rules out an A=183 assignment.
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Figure 5.7: Yields of di↵erent tantalum isotopes from various targets, normalised by the
target flux and plotted relative to the yield in the 186W target, as described in the text.
The data for the new structure appear to be consistent with it being 182Ta.
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Figure 5.8: Section of the nuclear chart showing the proximity of the targets, 185Re,
187Re, 186W and 192Os, to the neutron-rich tantalum isotopes. The tantalum yields are
expected to vary systematically across the isotopic chain for each of the targets used.
5.2.3 Placement above the 10  state in 182Ta
The inability to project the early/feeding   rays and correlate across the very long-
lived isomeric states known in 181Ta [Dra98a], 182Ta [Hel71] and 185Ta [Lan09], as
well as the inability to project the delayed   rays relative to the new structure using
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the current data, implies that the newly observed rotational band could be feeding
one of these long lived states. However, based on the conclusions in the previous
section, this could be the 10  state in 182Ta. The ambiguity can be eliminated
by deducing values of (gK   gR)/Q0 for the band and making comparisons with
expected values from models to deduce the configuration of the intrinsic state upon
which the rotational band is built. The deduced gK value of 0.49(6) for the band is
comparable to that expected for the K⇡ = 10 , ⌧=23.1 min isomeric state in 182Ta.
Complete details on the magnetic properties will be discussed in chapter 7. Hence,
despite the fact that no information is known in 184Ta, both the results from the
yield measurement (5.2.2) and the deduced magnetic properties of the band, favour
a 182Ta assignment, with the structure sitting above the known 519 keV state.
5.2.4 Lifetime measurements
The potential lifetimes of all the states between 519 and 3399 keV levels were ex-
amined using time-di↵erence spectra between feeding and depopulating transitions.
The separation of the new   rays into two sets of early and delayed gamma-rays
as shown in Fig 5.4(a) and (b) clearly implies the presence of at least two isomers
above the known 519 keV level. The full analysis identified three isomeric states at
1950, 2243 and 3399 keV. Figure 5.9 shows the time di↵erence spectrum across the
1950 keV level obtained by summing spectra that start on 293 and stop on 570 and
594 keV transitions, establishing a ⌧=356(16) ns lifetime.
A lifetime of 1.7(5) ns was measured for the 2243 keV state from the centroid shifts
of the time di↵erence spectra between the 293 keV transition and the feeding 709
and 1098 keV transitions. Figure 5.10 shows the corresponding time spectra where
the shifts in the centroids are clearly visible.
Due to poor statistics, the lifetime for the 2082 keV state cannot be confirmed from
the measured intensity variation of the depopulating transition. However, rough
fitting to this data gave ⌧ ⇠ 300 ns. The non-observation of the transitions lying
between the 519 and 2082 keV states in the chopped data implies a shorter lifetime
for this state, hence the assigned limit of ⌧ < 300 ns.
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Figure 5.9: Time spectrum to illustrate the ⌧=356(16) ns isomer in 182Ta obtained
by summing two time-di↵erence spectra, starting on the feeding 293 keV transition and
stopping on the two depopulating transitions at 594 or 570 keV.
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Figure 5.10: Time di↵erence spectra between the depopulating 293 keV transition and
the two feeding transitions at 709 and 1098 keV. A lifetime of ⌧=1.7(5) ns is established
for the 2243 keV state in 182Ta from the observed centroid shift when the start/stop
transitions are reversed.
A lifetime of ⌧=106(4) ns was deduced for the uppermost state at 3399 keV using
the intensity variation of the depopulating transitions across  - -  cubes created
with time gates on intervals across the beam-o↵ region. The corresponding time
curve is shown in figure 5.11. Due to contaminants, as well as low intensities of the
59, 143, 278, 391, 467, 496 and 638 keV transitions, no other state lifetimes could
be measured.
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Figure 5.11: Representative decay curve for the 3399 keV isomer in 182Ta, derived from
the intensity variation of the depopulating transitions across five  - -  cubes in the out-
of-beam region. A lifetime of ⌧=106(4) ns was deduced for this state.
5.2.5 Spin and parity assignments
The statistics for the 182Ta structure in the present data were su cient to obtain
angular correlations. The experimental angular correlations and the corresponding
mixing ratios deduced for each of the assumed spin combinations are shown in Fig-
ures 5.12 and 5.13. Where possible, intensity balances were also used to measure
conversion coe cients, giving the results in Figure 5.14. This information was com-
bined to obtain transition multipolarities and hence spin and parity assignments.
5+ isomer at 16 keV
In almost all the previous work on 182Ta, the lower energy and highly converted
16 keV   ray transition has never been observed directly. However, its M2
multipolarity leading to the assigned 5+ state was first measured by Clark et
al. [Cla68] using relative intensities in the L X-ray pattern to deduce L-subshell
conversion coe cient ratios. The configuration assignment to this state, as deduced
by Helmer et al [Hel71], supported the 5 + assignment.
The 16 keV transition is not observed in the present work so there is no direct
evidence from the present data for the spin and parity of the 16 keV level. However,
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the branching ratio of the 171 keV and 318 keV transitions (see Fig. 5.3) was used
to confirm the configuration for its related band from the rotational model, hence
providing indirect evidence of its spin. A value of gK   gR = 0.615(28) was deduced
for this state, giving gK=0.97(8) for gR ⇡ 0.35(5). The value is in good agreement
with the predicted value of gK=0.986 from the Nilsson model for a 5+ state obtained
from the 9/2 [514] proton coupled to a 1/2 [510] neutron, as discussed further in
Sect. 7.4.
10  isomer at 519 keV
The earlier spin and parity assignment to this state was based on the K-shell con-
version coe cient measurements of the 185 and 356 keV transitions that suggested
E3 and M4 character, respectively [Sun61, Biz66, Cla68]. By using the intensity
balance between the in-band 171 keV transition and the inter-band 185 keV tran-
sition, as measured from the single gated spectrum in Figure 5.2(a), a conversion
coe cient of ↵T= 3.5(2) was deduced for the 185 keV transition. This is in good
agreement with the expected value for an E3 transition (see Figure 5.14), confirm-
ing the previous assignment. The mixing ratio of  =0.244(11) used for the 171 keV
transition in this intensity balance was derived from the branching ratio of the 171
and 319 keV transitions. Further confirmation of the 10  assignment is obtained
from the properties of the rotational band established above this isomer as discussed
in Chapter 7.
14+ isomer at 1950 keV
This isomer decays to 13  and 14  levels of the 10  rotational band. Assuming a
pure quadrupole (assumed E2) character for the 594 keV in-band transition, the
594-267 keV angular correlation in Figure 5.12 shows a mixed dipole character
for the 267 keV transition, consistent with the M1/E2 multipolarity expected for
 I=1 cascades in rotational bands.
Again assuming the 594 keV   ray is a pure stretched E2, the 594-570 correlation
gives a non-zero mixing ratio were the 570 keV to be a  I=2 transition. For a
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Figure 5.12: Angular correlations for selected transition pairs between the 519 and
1950 keV isomeric states in 182Ta. A pure dipole character is suggested for the 570 keV
transition, while the mixing ratios deduced for the 267, 287 and 307 keV M1/E2 in-band
transitions, together with pure quadrupole character for the 594 keV transition, confirm
a rotational structure built on the 10  isomeric state.
 I=1 assignment to the 570 keV transition, the correlations suggest pure dipole
character. Both E2/M3 or M2/E3 mixtures are highly unlikely, since (a) these
multipolarities would imply a much longer lifetime than 356 ns, and (b) there
is a pure stretched dipole alternative. With a pure stretched dipole character
being the most likely multipolarity for 570 keV, the spin and parity possibilities
for the 1950 keV isomer are limited to 14+ or 14 . Note that with the 570 keV
pure stretched dipole assignment, the 570-307, 570-287 and 570-267 keV angular
correlations all give a mixed dipole character with   ⇠ 1.1 for the 267, 287 and
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307 keV transitions, a value that is consistent with the results from the 594-267
correlation. It is also worth mentioning that the gK value implied from this mixing
ratio shows a strong agreement with the value deduced from the branching ratios
within the 10  band (see Chapter 7).
The ambiguity in the parity assignment for the isomer can be eliminated by inspec-
tion of the transition strengths of the depopulating 245 and 570 keV decays. The
evaluated strengths and hindrances for these transitions are shown in table 5.1 for
both possibilities. Both cases are acceptable for E1 and M1 assignments.
Table 5.1: Transition strengths and corresponding reduced hindrances for the 245 and
570 keV transitions, assuming alternative possibilities of K⇡ = 14+ or K⇡ = 14  for the
356(13) ns isomeric state. Limits on the hindrances for the unobserved 877 keV transition
are included to eliminate the ambiguity between the 14+ and 14  assignments.
I⇡ E  XL I  ↵T B(XL) FW ⌫ f⌫
(keV) (W.u)
14+ 570.2 E1 98.0(47) 5.158⇥10 3 4.2(3)⇥10 9 2.4(2)⇥108 3 621(17); 29(1)a
245.3 E1 5.2(10) 3.628⇥10 2 2.8(6)⇥10 9 3.6(8)⇥108 3 710(50); 33(2)a
877b M2 <3.9b 3.188⇥10 2 < 2.9⇥ 10 4 > 3.5⇥ 103 2 >59
14  570.2 M1 98.0(47) 3.709⇥10 2 4.2(3)⇥10 7 2.4(2)⇥106 3 134(4)
245.3 M1 5.2(10) 3.489⇥10 1 2.8(6)⇥10 7 3.6(8)⇥106 3 153(11)
(877)b E2 <3.9b 5.616⇥10 3 < 2.7⇥ 10 6 > 3.7⇥ 105 2 >609
a: Reduced hindrance calculations for E1 transitions that include a 104 normalisa-
tion factor are in italics.
b: Energy and intensity limit for the unobserved 877 keV transition.
For either parity, there is the possibility of a  I = 2, 877 keV transition to the
1073 keV state. This transition is not observed in both the out-of-beam double
gated spectra and the delayed spectra in Figures 5.4(a) and (c). Hence, upper
intensity limits were deduced, implying reduced hindrances for the possible 877 keV
transition of f⌫ > 59 and f⌫ > 609 for M2 and E2 transitions, respectively. The
latter limit rules out the 14  alternative, thus assigning K⇡ = 14+ to the 1950 keV
isomer.
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States at 2243, 2588 and 2951 keV
Figure 5.14 shows the total conversion coe cients deduced for the 143, 293 and
346 keV transitions from intensity balances. The 293 keV transition from the
2243 keV state has a total conversion coe cient consistent with anM1 multipolarity
(albeit with an E2 assignment possible only slightly beyond the uncertainty limit).
Assuming the preferred M1 assignment gives I⇡ = 15+ for the 2243 keV state.
Considering the energies of the 346 and 363 keV transitions, the presence of the
709 keV crossover as well as the absence of a measured lifetime for the states at 2588
and 2951 keV, both these levels are possibly collective, implying a band built on the
15+ state. This would suggest 16+ and 17+ assignments for the 2588 and 2951 keV
levels, respectively. Figure 5.13 shows angular correlations for the structures above
the 2243 keV level. With a pure stretched M1 character for the 293 keV line, the
results from the 293-709 angular correlation suggest a pure quadrupole assignment
for the 709 keV transition, agreeing with the likely E2 multipolarity were the 2588
and 2951 keV states to be part of a rotational band. From the measured conversion
coe cient for the 346 keV transition, M1 is the preferred multipolarity over the
alternative E3 possibility, confirming 16+ for the 2588 keV level.
States at 2082, 2093, 2484, 2762 and 3341 keV
The statistics for decays out of these levels were insu cient to allow angular
correlation measurements and hence the limited spectroscopic information only
permits tentative spin and parity assignments to these levels. The measured total
conversion coe cient of the 143 keV transition suggests an M1 multipolarity. The
(14+) assignment for the 2093 keV level agrees with this, but also rests on the
configuration assignments discussed in Chapter 7. Hence 15+ cannot be ruled
out. Although the energies of the 132 and 278 keV transitions are in principle low
enough to deduce conversion coe cients, their low intensities and the presence of
contaminants with energies close to 278, 391 and 638 keV, makes it di cult to
balance intensities across the 1950, 2484 and 2762 levels.
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Figure 5.13: Angular correlations for selected transitions between the 1950 and 3399 keV
isomeric states in 182Ta. The correlations suggest pure quadrupole, most likely E2 char-
acter, for the 709 keV   ray. A non-zero mixing ratio,   = 0.36(12) is observed for the
448 keV   ray, if it has  I=1. Assuming the 448 keV transition has  I=2 (19-17-15 spin
sequence), results in its mixing ratio agreeing with zero.
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Figure 5.14: Total conversion coe cients deduced from intensity balances for transi-
tions in 182Ta. The plot compares the experimental observations (points) to theoretical
expectations (curves) from Ref. [Kib08].
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The spectrum gated below the 1950 keV isomer and projecting the early coinci-
dences (Fig. 5.4(b)) shows a weak intensity for the 132 keV transition; hence the
spin and parity of the 2082 keV level cannot be confirmed. Considering the suggested
spin and parities for the 2951 and 2093 keV levels and the absence of a measurable
lifetime for the 2951 keV state, the 391 and 468 keV decays are likely to be  I  2
transitions, implying I⇡=(16±) or I⇡=(15±) for the 2484 keV level. With M2 and
E1 characters for these transitions highly unlikely due to the absence of lifetimes,
15+ or 16+ remain the only candidates for the 2484 keV state. From the predicted
states in 182Ta (see section 7.4.2), 16+ is favoured although 15+ cannot be ruled
out completely. Mixing with the nearby collective 16+ state at 2588 keV could also
explain the competition of the 468 keV   ray with the in-band decay. The energy
of the highly converted 59 keV isomeric transition is close to the X-ray energies for
tantalum and the target (186W); this precludes an intensity balance measurement
across the 3341 level. The assignment to this level and the 2762 keV state remain
tentative for now and can possibly be explained after considering the assignment of
the 3399 keV isomer.
(18 ) isomer at 3399 keV
With an E2 assignment to the 709 keV transition, the 709-448 keV angular corre-
lation in Figure 5.13 shows a mixed dipole character (  = 0.36(12)) for the 448 keV
transition, consistent with either M1/E2 or E1/M2 multipolarities. The presence
of the 106 ns lifetime as well as the absence of the potential 811 keV crossover
transition to the 2588 keV state, rules out the M1/E2 possibility. Alternatively,
the 709-448 keV angular correlation gives a zero mixing ratio were the 448 keV
to be a  I = 2 transition (19-17-15 spin sequence with dotted line in Fig. 5.13).
Both E2 and M2 character for the 448 keV isomeric transition could explain the
lifetime, however, the lifetime seems too short for M2 character, especially consid-
ering that the 448 keV transition is likely to be K-hindered. Hence, while a 19+
assignment cannot be ruled out completely, 18  is preferred for the 3399 keV isomer.
With K⇡ = 18  for the isomer, E1 character is preferred over M1 for both the
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59 and 638 keV transitions so as to explain their hindered decay, suggesting 18+
and 17+ for the 2762 and 3341 keV states, respectively. Additional information
such as the strengths of the 59, 448 and 638 keV transition is needed for more
firm multipolarity assignments and this will be discussed in Chapter 8. Also, the
predictions of the multi-quasiparticle calculations described in Chapter 6 can be
used to guide expectations.
The next goal is to understand the proton and neutron configurations of the sin-
gle and multi-quasiparticle states observed in 182Ta and 183Ta. Where possible,
information such as gK values and aligned angular momenta deduced from the ro-
tational bands built on these intrinsic states, is used to guide the configuration
assignments. However, some assignments are made or supported by the predictions
of multi-quasiparticle calculations, and these are presented first, in the next chapter.
Chapter 6
Multi-quasiparticle calculations
This chapter moves towards understanding the proton and neutron configurations
of the single and multi-quasiparticle states observed in 182Ta and 183Ta by calculat-
ing the energies of the expected multi-quasiparticle states. The first section briefly
describes the known and expected intrinsic states in both odd-odd and odd-even tan-
talum isotopes. The second section describes the methodology of multi-quasiparticle
calculations as perfomed for the present work, together with the results for predicted
states in tantalum isotopes from A=181 to 185.
6.1 Low-lying states in tantalum isotopes
6.1.1 Odd-even isotopes
An odd-mass tantalum isotope can be considered as a proton particle or
proton hole coupled to the even-even hafnium or tungsten isotone, respec-
tively. The three, single-proton configurations of 5/2+[402], 7/2+[404] and
9/2 [514] are known to be amongst the low-lying intrinsic states close to the
proton Fermi level in tantalum isotopes. Multi-quasiparticle states involving
these protons have been observed in both neutron-deficient and neutron-rich
cases [Car95, Das00, Kon04, Dra98a, Shi09, Lan09]. The 7/2+[404] orbital is
known to be the ground-state configuration in odd-mass tantalum isotopes down to
A=175 [Kon96, Das00, Dra98a, Shi09, Lan09].
The formation of states with three or more quasiparticles in these nuclei involves
breaking neutron or proton pairs in the core that then couple with one of the low-
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lying protons. The neutron states most likely to be involved in the configurations
can be determined by examining the low-lying spectrum of states in the nearby
odd-mass tungsten or hafnium isotopes. For example, in the present case of 183Ta
with N = 110, the single neutron states close to the Fermi surface can be obtained
from the neighbouring nuclei 183W [Sai00] and 185W [Bon05], with N = 109 and
N = 111, respectively. The ground state in 183W is formed from the 1/2 [510]
intrinsic state, with the 3/2 [512] state only 209 keV higher. This situation is
reversed in 185W, with the 1/2 [510] level at an excitation energy of only 24 keV,
while the 11/2+[615] state lies at 310 and 197 keV in 183W and 185W, respectively.
The 7/2 [503] comes down in energy from 453 keV in 183W to 244 keV in 185W,
while the 9/2+[624] goes up in energy from 623 keV 183W to 716 keV in 185W. Both
the 1/2 [521] and the 5/2 [512] appear at energies over 800 keV and are therefore
not expected to take part in the formation of low-lying two-neutron, one-proton
states in the vicinity of 183Ta.
Alternatively, the two-neutron states most likely to be involved in the configurations
in 183Ta can be determined by examining the low-lying spectrum of states in the
isotone 184W [Whe04, Lan15]; these states are listed in Table 6.1. The states that lie
closest to the yrast line e.g. the 5  and 7 , are likely to contribute to the formation
of the low-lying two-neutron, one-proton states in 183Ta. Note that the components
of these two states are the low-lying states identified in 183W and 185W above.
Table 6.1: Known, low-lying, two-neutron states in 184W that are likely to contribute to
multi-quasiparticle states observed in 183Ta [Whe04, Lan15].
K⇡ Configuration E
(keV)
2+ 3/2 [512]⌦1/2 [510] 1386
3+ 1/2 [510]⌦7/2 [503] 1425
5  11/2+[615]⌦1/2 [510] 1285
7  11/2+[624]⌦3/2 [512] 1502
10+ 11/2+[615]⌦9/2+[624] 2479
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6.1.2 Odd-odd isotopes
The ground states in all even-mass tantalum isotopes are due to the coupling of
the last unpaired proton and neutron. At relatively low excitation energies below
the proton and neutron pair gaps, the observed intrinsic states will be dominated
by two-quasiparticle configurations. The neutron states most likely to be involved
are determined by examining the low-lying spectrum of excited states in the odd-
tungsten or hafnium isotones, while the proton states close to the Fermi surface are
similar to those in odd-mass tantalum isotopes.
6.2 Multi-quasiparticle calculations
Multi-quasiparticle calculations have been e↵ective in predicting the possi-
ble intrinsic states in various nuclei in this mass region, see for example,
Refs. [Kon97, Kon98, Dra98a, Whe00, Lan09]. The output from these calculations
includes the configurations and their predicted excitation energies that are then
adjusted to account for the residual interaction between the quasiparticle states.
Comparison of these energies to the experimental obsevations can then aid in
making configuration assignments. This section is focused on the details of the
multi-quasiparticle calculations used to predict intrinsic states in 182Ta and 183Ta.
The actual configuration assignments in 182Ta and 183Ta, based on the available
spectroscopic information and supported by the predictions of the next sections,
will be discussed in Sections 7.3 and 7.4, respectively, in the next chapter.
As a starting point to these calculations, the single-particle Nilsson orbitals in the
N = 4, 5 and 6 oscillator shells were first evaluated for both protons and neutrons
assuming deformation parameters, "2 and "4, as predicted by Ref. [Mol95], and us-
ing the Nilsson model parameters µ and  from Ref. [Ben85]. Table 6.2 shows the
deformation parameters used in the present calculations. The value of "4 is compar-
atively large, while there is a slight decrease in "2 and a slight increase in "4 as the
mass number increases. The e↵ects of nucleon pairing on the properties of multi-
quasiparticle states were also taken into account using the Lipkin-Nogami approach
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(see section 2.1.4), where the e↵ects of blocking on the magnitudes of the pair gaps
are incorporated by excluding all the occupied single-particle levels from contribut-
ing to the pairing energy. Only the proton-proton and neutron-neutron pairing were
considered in the present calculations. Pairing strengths of G⌫ =18.0/A MeV and
G⇡ =20.8/A MeV were chosen for the neutron and proton systems, respectively.
The choice of these pairing strengths was based on previous calculations for other
tantalum isotopes in this region that successfully reproduced the experimental ob-
servations [Kon97, Dra98a, Lan09].
Table 6.2: Deformation parameters "2 and "4 for tantalum isotopes between A=181-185
as predicted in Ref. [Mol95], and used for the present multi-quasiparticle calculations.
Nucleus "2 "4
181Ta 0.242 0.093
182Ta 0.233 0.100
183Ta 0.233 0.107
184Ta 0.225 0.107
185Ta 0.225 0.113
A number of parameters can be potentially adjusted/varied during calculations to
reproduce the experimental energy values. These include varying the neutron and
proton pairing strengths G⇡/⌫ , the Nilsson energies of the single particles around the
Fermi surface, or the deformation parameters "2 and "4. In the present calculations,
only the Nilsson energies were varied, while the pairing strengths and deformation
parameters were fixed to the values mentioned above. The Nilsson energies were
varied so as to reproduce the experimental energies of one/two-quasiparticle states
to within 10 keV, as described immediately below.
In order to optimise the energies, adjustments were made to the Nilsson input
energies so as to reproduce the known experimental one-quasiparticle energies of
single-proton and single-neutron states near the Fermi surface. In some cases,
the neutron Nilsson energies were further adjusted to reproduce the known
two-quasi-neutron states. The neutron spectrum was relatively complex, both with
changes as a function of neutron number and with some states being relatively
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uncertain. In contrast, the energies of the single-proton states, 7/2+[404], 9/2 [514]
and 5/2+[402], in odd mass tantalum isotopes are well known experimentally and
change smoothly from A=175 to 185.
6.4
6.6
6.8
7
7.2
11/2+[615]
1/2-[510]
1/2-[521]
3/2-[512]
5/2-[512]
7/2-[503]
9/2+[624]
9/2-[505]
181 182 183 184 185 186 187 188
A
5.8
5.9
6
6.1
E/
hω
} 7/2+[404]
5/2+[402]
 9/2−[514]
proton states
neutron states
} 
}
Figure 6.1: Nilsson single-particle energies (open symbols) for orbitals close to the neu-
tron and proton Fermi surfaces in neutron-rich tantalum isotopes. The adjusted energies
(filled symbols) that reproduce the experimental one and two-quasiparticle state energies
are also shown.
For odd-A tantalum isotopes, the Nilsson energies of neutron states close to the
neutron-Fermi surface were adjusted to reproduce approximately the experimental
two-quasineutron energies in the neighbouring tungsten isotones. For example,
Table 6.1 lists the low-lying, two-neutron states in 184W that were reproduced for
the prediction of states in 183Ta. The corresponding proton states close to the
Fermi surface were also adjusted to reproduce the experimental one-quasiproton
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energies.
In even-A tantalum isotopes, the Nilsson proton energies where adjusted to match
the average value from the two neighbouring odd-A isotopes. For example, the
Nilsson energy of the 9/2 [514] proton used in the calculations for 182Ta is the
average of the Nilsson energies of the similar proton configuration in 181Ta and
183Ta, after adjustments were made to reproduce experimental values in those
nuclei. For the neutron states, where information is available, the Nilsson energies
were adjusted to reproduce the experimental two-quasiparticle state energies in the
odd-odd tantalum isotopes. Otherwise, the energies of single-neutron states were
adjusted to those of neighbouring odd-mass tungsten isotopes. For example, in
182Ta the 11/2+[615] neutron was adjusted to reproduce the experimental energy
of the K⇡=10  state, while the rest of the single-neutron states near the Fermi
surface were adjusted to match those observed to be low-lying in the 183W isotone.
The results for the adjusted and unadjusted proton and neutron Nilsson energies
used in the present multi-quasiparticle calculations are plotted in Figure 6.1. The
adjusted single-particle energies generally follow similar trends to those from the
Nilsson model, and only small changes have been required.
6.2.1 Testing the results and summary of the calculations
In order to test the accuracy/credibility of the calculation prior to its application
in making configuration assignments, comparisons were made between calculated
and well-understood experimental configurations. For example, in odd-mass tan-
talum isotopes, multi-quasiparticle states up to the three-quasiparticle, K⇡=29/2 
state are known experimentally in 181Ta [Dra98a, Whe99a], while a single three-
quasiparticle state is known in 185Ta [Lan09]. In even-A tantalum isotopes, there
is limited experimental information, with only a couple of two-quasiparticle states
known in 182Ta, while nothing is known in 184Ta. Calculations were carried out for
all tantalum isotopes from 181Ta to 185Ta. This series of calculations can be used
to investigate the expected systematic change of parameters with changing neutron
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number as well as to test the reproduction of the already known states.
Predicted states in odd-even-tantalums
The energies of the predicted states (without residual interaction) for the odd-mass
tantalum isotopes from A=181-185 are shown in figures 6.2, 6.3 and 6.4 as a
function of K(K + 1), while results extracted for yrast and near-yrast states
including the e↵ects of residual interactions are shown in Figure 6.5. In Figure
6.2, the well known [Dra98a, Whe99a] yrast K⇡ = 21/2  and K⇡ = 29/2  states
(with K(K + 1)=121 and 225, respectively) are clearly visible and are amongst the
low-lying predicted yrast states in 181Ta. These two states have residual interactions
of -77 and -44 keV and known configurations, ⇡{7/2+[404]9/2 [514]5/2+[402]}
and ⌫{9/2 [624]11/2+[615]} ⌦ ⇡9/2 [514], respectively. The K⇡ = 21/2  state
is predicted to lie ⇠100 keV above its observed value of 1483 keV, while the
K⇡ = 29/2  state is predicted to be 200 keV below its measured value of 2230 keV.
Dracoulis and Wheldon also performed multi-quasiparticle calculations for 181Ta,
but they each used slightly di↵erent approaches to the present calculations.
Wheldon et al. [Whe99a] used BCS pairing, while Dracoulis et al. [Dra98a] used
Lipkin-Nogami pairing and the same methodology as in the present work, except
their single-neutron states were adjusted to reproduce the average of the adjusted
single-neutron states in neighbouring 181W and 179Hf.
The known K⇡ = 21/2  state in 185Ta is currently predicted 250 keV above
the experimental value [Lan09, Whe99]. Note that this comparison assumes the
⌫2⇡-configuration suggested by Lane et al [Lan09] based on comparisons with 186W,
and this is contrary to the ⇡3 assignment made in 181Ta. Walker et. al. prefer the
⇡3 configuration assignment as discussed in Ref. [Wal15].
The adjustment to the single-particle energies gives, by definition, essentially
perfect agreement for the single-proton levels, while a generally good agreement
is also obtained between predictions and experimental observations for the few
known multi-quasiparticle states in 181Ta and 185Ta. As discussed above, the known
114 Multi-quasiparticle calculations
three-quasiparticle states in 181Ta and 185Ta are predicted within 0.25 MeV of
the experimental energies. Figure 6.6 shows the calculated yrast and near yrast
states compared to the experimental single and multi-quasiparticle states known
in 181Ta [Dra98a, Whe99a], 183Ta [Shi09] and 185Ta [Lan09]. The strong agreement
between the calculated and the experimental states in these odd-mass isotopes
suggests that the other unknown states might also be well predicted and hence the
results may be used to aid configuration assignments in cases where there is limited
spectroscopic information.
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Figure 6.2: Predicted multi-quasiparticle states in 181Ta, excluding the e↵ects of residual
interactions. Only configurations from parallel (high-K) couplings are plotted. The grey
diagonal line denotes the approximate region of states within ⇠1.2 MeV of the yrast line.
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Figure 6.3: Predicted multi-quasiparticle states in 183Ta, excluding the e↵ects of residual
interactions. Only configurations from parallel (high-K) couplings are plotted. The grey
diagonal line denotes the approximate region of states within ⇠1.2 MeV of the yrast line.
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Figure 6.4: Predicted multi-quasiparticle states in 185Ta, excluding the e↵ects of residual
interactions. Only configurations from parallel (high-K) couplings are plotted. The grey
diagonal line denotes the approximate region of states within ⇠1.2 MeV of the yrast line.
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Figure 6.5: Systematics of selected yrast and near-yrast multi-quasiparticle states in
odd-mass, neutron-rich tantalum isotopes as predicted by multi-quasiparticle calculations
with Lipkin-Nogami pairing. The single-particle energies have been adjusted from the raw
Nilsson predictions as described in the text and the e↵ect of residual interactions has been
included.
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Figure 6.6: Calculated yrast and near-yrast states (open symbols) compared to the ex-
perimental single and multi-quasiparticles states (filled symbols) known in 181Ta [Dra98a,
Whe99a], 183Ta [Shi09] and 185Ta [Lan09, Shi07]. The adjustment to the single-particle
energies means the single-proton levels agree perfectly, but good agreement is also obtained
between predictions and experimental observations for the few known multi-quasiparticle
states in 181Ta and 185Ta.
Predicted states in odd-odd-tantalum nuclei
The energies of the predicted states (without residual interaction) for even-mass
tantalums are shown in figures 6.7 and 6.8 as a function of K(K + 1). Unlike the
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odd-mass cases, there is little or no experimental information that can be used to
directly test the validity of the calculations in 182Ta and 184Ta, especially at higher
spins and for configurations with more than two quasiparticles. Note that only
three low-lying, two-quasiparticle states are known experimentally in 182Ta [Hel71],
while only the ground state is known in 184Ta.
In the present calculations, the known K⇡ = 10 , ⌫11/2+[615] ⌦ ⇡9/2 [514] state
in 182Ta [Hel71] is predicted to within 3 keV of the experimental value, simply
because the energy of the 11/2+[615] neutron state was adjusted to reproduce this
exact state. For the ground state with K⇡ = 3  and a ⌫{1/2 [510]} ⌦ ⇡7/2+[404]
configuration and the K⇡ = 5+, ⌫{1/2 [510]}⌦ ⇡9/2 [514] excited state at 16 keV,
the energies are within 50 keV of the experimental values. The reason for this small
discrepancy is due to fact that the energy of the common 1/2 [510] neutron state
was adjusted to reproduce the single-neutron energy in 183W, unlike in the case of the
11/2+[615] state that was adjusted to reproduce the energy of the 10  in 182Ta itself.
Figure 6.9 shows the calculated yrast and near yrast states plotted alongside
the experimental observed states in 182Ta [Hel71]. The three low-lying two
quasiparticle states are well predicted. This strong agreement, although limited,
suggests that four or six quasiparticle states may also be well predicted, especially
considering that the single-particle states in Figure 6.1 are well-reproduced.
Consistent with the odd-mass results, agreement within 0.3 MeV could be a rea-
sonable expectation when comparing the experimental states with these predictions.
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Figure 6.7: Predicted multi-quasiparticle states in 182Ta, excluding the e↵ects of residual
interactions. Only configurations from parallel (high-K) coupling are plotted. The grey
diagonal line denotes the approximate region of states within ⇠1.2 MeV of the yrast line.
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Figure 6.8: Predicted multi-quasiparticle states in 184Ta, excluding the e↵ects of residual
interactions. Only configurations from parallel (high-K) coupling are plotted. The grey
diagonal line denotes the approximate region of states within ⇠1.2 MeV of the yrast line.
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Figure 6.9: Calculated yrast and near-yrast states (open symbols) compared to the ex-
perimental states known in 182Ta from Helmer et al. [Hel71] (top) and for 184Ta (bottom),
where only the ground state is known experimentally [War73]. The adjustments to the
two-quasiparticle energies result in a good agreement between prediction and experimental
observations for the few known multi-quasiparticle states in 182Ta.
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Chapter 7
Configuration assignments
In the previous chapter, the energies of possible intrinsic states in 182Ta and
183Ta were predicted together with their configurations. This chapter attempts to
understand the configurations of the observed states in the two isotopes using the
gK values and aligned angular momenta inferred from rotational band properties.
Where there is limited spectroscopic information, assignments are made or sup-
ported by the predictions from the multi-quasiparticle calculations in the previous
chapter.
The division between these two approaches is governed by the fact that, for both
182Ta and 183Ta, most of the observed rotational structures are built on low-energy
intrinsic states, while at higher excitation energies, intrinsic states start to dominate
over rotational structures. This is clearly visible in Figure 4.2 for 183Ta above the
1332 keV isomeric state. This means that the evaluation of magnetic properties
and alignments was only achievable for structures below ⇠2 MeV in 182Ta and
below ⇠1.3 MeV in 183Ta. For structures above these energies, comparison with the
results of multi-quasiparticle calculations (Chapter 6) are used for configuration
assignments.
7.1 Magnetic properties
Well-developed rotational bands provide an opportunity to determine the multi-
quasiparticle configurations from the in-band decay properties such as the  -ray
branching ratios, transition mixing ratios, and the deduced gK values. These ex-
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tracted gK values were compared with values calculated using the Nilsson model
and the additivity relation given by equation 2.51. Note that all Nilsson model
values are taken from Ref. [Stu05] and assume deformations from Table 6.2. In
some cases, empirical gK values were used in preference to the Nilsson model values;
these were obtained from experimental observations in the neighbouring isotopes
or isotones. In deducing values for gK , the present work has adopted the values
of gR ⇠ 0.35(5) and Qo ⇠ 6.5 eb, common choices in the mass-180 region, see for
example Refs. [Lan09, Dra98a, Kon04, Das00].
7.2 Alignments
As discussed in section 2.4, large values of aligned angular momenta are expected
for bands that have high-j and/or low-⌦ orbitals amongst their configuration
constituents. Hence the aligned angular momenta can be used as a guide to help
assign configurations. To demonstrate this process, some known results in tantalum
and tungsten nuclei around the mass-180 region will be discussed first. Analogous
procedures will then be applied to the current results for 182Ta and 183Ta. The
Harris reference parameters used for evaluating all of the aligned angular momenta
are discussed in section 7.2.1 below.
Figures 7.1(a) and (b) show alignments for some of the known single-neutron bands
in odd-mass 181W [Lin73] and 183W [Sai00]. Likewise, Figs. 7.1(c) and (d) show
alignments for the three common low-lying proton bands in 181Ta [Dra98a] and
183Ta [Shi09].
As expected, both the high-j, i13/2 neutron orbitals (⌦⇡ = 11/2+[615],
⌦⇡ = 9/2+[624]) and the low-⌦, 1/2 [510] orbital, as shown in Figures 7.1(a) and
(b), exhibit non-zero alignments of ⇠1 h¯ or more. In Figures 7.1(c) and (d), the
three proton bands show smaller alignments, with the 5/2+[402] and 7/2+[404]
having ⇠0.2 h¯. The 9/2 [514] proton originates from a higher-j orbital (h11/2)
than the other two proton bands, which explains the slightly higher alignments
that range between 0.6 and 1 h¯. These orbitals shown in Fig. 7.1 lie close to the
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Figure 7.1: (a)-(b) Aligned angular momenta for selected single-quasineutron bands in
181W [Lin73] and 183W [Sai00]. (c)-(d) Aligned angular momenta for some of the three
known single-quasiproton bands in 181Ta [Dra98a] and 183Ta [Shi09]. These values are
used to illustrate the most likely alignments in single-particle states in tantalum isotopes.
See table 7.1 for the reference parameters used in each nucleus. Open and filled symbols
are used for the di↵erent signatures in each band.
neutron and proton Fermi surfaces in most of the tantalum isotopes around the
A=180 region and, particularly the proton orbitals, will nearly always contribute
to the configurations of the low-lying, multi-quasiparticle bands in tantalum
nuclei [Kon04, Dra98a, Dra98, Lan09]. So one would expect such strong alignments
to be observed also in these multi-quasiparticle configurations. To demonstrate this,
the alignments of known multi-quasiparticle bands in neighbouring 180Ta [Dra98]
and 182W [Shi95] will be examined (see Figure 7.2).
All four bands in Fig. 7.2 show relatively strong alignments   2h¯. In 180Ta, shown
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Figure 7.2: Alignments for some of the known multi-quasiparticle bands in 180Ta [Dra98]
and 182W [Shi95] are used to illustrate the additivity of alignment in multi-quasiparticle
states. See table 7.1 for the reference parameters used in each nucleus. Open and filled
symbols are used for the di↵erent signatures in each band.
in Figure 7.2(a), the 8+ band is a 9/2+[624] neutron coupled to a 7/2+[404] proton
and has a smaller alignment than the 9  band from the same 9/2+[624] neutron
now coupled to a 9/2 [514] proton. The di↵erence is analogous to the di↵erence be-
tween the alignments of the 9/2 [514] and 7/2+[404] bands in both 181Ta and 183Ta.
The 15  band is only slightly di↵erent to the 9 , consistent with it being the 9 
state coupled to additional 7/2+[404] and 5/2+[402] protons, with both of the latter
carrying little alignment (see Fig. 7.1). Similarly the strong alignment of the 10+
band in 182W can be attributed to the alignments of its strongly aligned i13/2 neu-
tron constituents. The above scenarios demonstrate that, for a multi-quasiparticle
state, the intrinsic alignments are additive. This principle will be used to test for
the presence of the high-j or low-⌦ neutron orbitals in the bands observed in 182Ta
and 183Ta.
7.2.1 Harris parameters
Some comment is necessary regarding the choice of reference parameters, =0 and
=1, used in the present work, including in the Figures 7.1 and 7.2 above. First, the
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alignments for the low-spin region of the ground-state bands in even-even hafnium
and tungsten isotopes between A=178 and 184 are assumed to be 0 h¯. Hence, values
for =0 and =1 were derived by a least-squares fit to these bands for all even-even
cases in the region. The references used in the neighbouring odd-mass hafnium
and tungsten isotopes, as well as the tantalum isotopes, were further derived by an
averaging process. For example, the Harris parameters used in 181W are an average
of the references of the two neigbours, 180W and 182W, while that for 181Hf is averaged
over 180Hf and 182Hf. For each tantalum isotope, the reference is an average of that
obtained for the two neighbouring hafnium and tungsten isotones. Table 7.1 gives
a summary of the Harris parameters deduced and used in this chapter.
Table 7.1: Reference parameters =0 and =1 used in the present work to deduce the
aligned angular momenta for rotational structures in the tantalum, tungsten and halfnium
isotopes. Refer to the text for more details on how the values were deduced.
Isotope =0 =1 fit or
( h¯2/MeV ) ( h¯4/MeV3 ) average
180W 28.6 93.8 fit
181W 29.2 69.6 average
182W 29.8 45.5 fit
183W 28.3 46.6 average
184W 26.8 47.8 fit
180Ta 30.5 64.3 average
181Ta 30.9 41.7 average
182Ta 29.8 43.9 average
183Ta 28.7 46.1 average
178Hf 31.7 80.1 fit
179Hf 31.9 59.0 average
180Hf 32.0 38.0 fit
181Hf 31.3 41.2 average
182Hf 30.6 44.4 fit
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7.3 Configuration assignments in 183Ta
7.3.1 Single-quasiparticle states
The configurations for the low-lying single proton states in 183Ta had been verified
by Shizuma et al [Shi09] from the observed spins and the gK values deduced from
the observed rotational band structures. The present work does not extend any of
these bands, but the observations that were made are summarised below.
Ground state with K⇡ = 7/2+
The 7/2+[404] configuration for the ground state is well-established by Shizuma et.
al [Shi09] from the rotational band properties including the deduced gK   gR value.
State at 73 keV with K⇡ = 9/2 
The band built on this state was observed by Shizuma et al. [Shi09] up to the 19/2 
state and the ⇡9/2 [514] configuration was confirmed from the measured in-band
decay properties. The present work observed states up to 17/2  and the weighted
average value of |gK   gR|=0.89(4) evaluated from the measured in-band branching
ratios is shown in table 7.2. The implied gK value of 1.24(6) (assuming gR=0.35(5)
as detailed in section 7.1) is consistent with both the previous measurement [Shi09],
and the theoretical expectation of gK=1.29 for the 9/2 [514] configuration [Stu05].
This band is also well known in the neighbouring 185Ta isotope, with the gK value
reported as 1.21(5) [Lan09].
Table 7.2: Measured in-band branching ratios for the 9/2 [514] band in 183Ta, together
with inferred gyromagnetic ratios.
K⇡ J⇡i E  E   
a |gK   gR|b
(I ! I   1) (I ! I   2)
(keV) (keV)
9/2  13/2  185.7 343.4 0.14(3) 0.83(9)
15/2  212.2 397.6 0.25(4) 0.93(7)
17/2  237.7 449.9 0.45(6) 0.89(6)
weighted avg: 0.89(4)
a   = I (I ! I   2)/I (I ! I   1).
b Assuming Q0=6.5 eb.
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Figure 7.3: Aligned angular momenta for the ⇡9/2 [514] band in 183Ta compared to
the same band in 181Ta [Dra98a, Sai98] and the ⇡7/2+[404] band in 183Ta [Shi09]. See
table 7.1 for the reference parameters used for each nucleus. Open and filled symbols are
used for the di↵erent signatures in each band.
Figure 7.3 shows the aligned angular momentum of this band, compared with the
⇡9/2 [514] and ⇡7/2+[404] structures in 181Ta [Sai98] and 183Ta [Shi09], respec-
tively. The band carries a small alignment, consistent with expectations for the
9/2 [514] proton known in the neighbouring odd isotopes, and confirms Shizuma’s
prior interpretation.
7.3.2 Multi-quasiparticle states
As observed in Figure 4.2 and discussed in section 4.2.3, there was no sign of regular
rotational band structures observed above the 19/2+, 1332 keV isomeric state. Most
of the levels, except possibly the 1878 keV state, appear to be intrinsic states. Given
the excitation energies of these states, configurations of three or more quasiparticles
are likely. Due to the absence of collective structures, the configurations of these
multi-quasiparticle states can only be presented in terms of the predicted intrin-
sic states from the multi-quasiparticle calculations presented in the previous chapter.
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Figure 7.4: Calculated yrast and near-yrast states in 183Ta, compared with experimental
energies from the present work. There is good agreement between predicted values and
experimental observations.
Figure 7.4 gives the energies of the predicted, near yrast states in 183Ta (including
residual interactions), plotted against spin and compared to the experimental states
observed in the current work. The calculations predict a high density of intrinsic
states above ⇠1 MeV, consistent with the observed decay scheme in Fig. 4.2. For
these predicted states, there are several candidates with spins and parities that are
consistent with those suggested in Figure 4.2 from the spectroscopic information.
For example, the spins and parities of the isomers at 1332 keV with I⇡ = 19/2+,
2475 keV with I⇡ = 29/2 , and 3870 keV with I⇡ = 41/2 , are well reproduced.
The energies and configurations for the predicted states are shown in Table 7.3.
Most of the yrast states with three or more quasiparticles are reproduced to within
300 keV of the experimental energies, consistent with the results for 181Ta and
185Ta used in Chapter 6 to test the calculations. The good agreement between the
calculated and the experimental energies in this isotope, confirms the credibility and
predictive power of the present calculations for odd-mass tantalums as discussed
earlier. Hence, these results will be used for configuration assignments.
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State at 906 keV, I⇡ = 13/2 
Shizuma et al. [Shi09] suggested this state was a  -vibration built upon the 9/2 [514]
state. In the present work, no state with 13/2  is predicted with an energy compara-
ble to that of the observed 13/2  (refer to Fig. 7.4 and Table 7.3), suggesting a non-
intrinsic state for the observed 13/2  bandhead. Similarly, its energy seems too low
to be a three-quasiparticle state considering the energies of 1484 keV and 1273 keV
for the lowest three-quasiparticle states known in 181Ta [Dra98a] and 185Ta [Lan09],
respectively. The many new transitions observed in the present work establish a
pattern of decay for this band consisting of J ! J , J ! J   1 and J ! J   2 tran-
sitions back to the 9/2 [514] band; this is consistent with other  -bands observed in
this mass region, for example, in 187,189Re [Ree16]. It is therefore possible to assign
this state as 9/2 [514]⌦ 2+  , as suggested by Shizuma et al. [Shi09].
Three-quasiparticle states
Isomeric state at 1332 keV, K⇡ = 19/2+
The present calculations predict two 19/2+ states at 1288 and 2259 keV. The higher-
lying ⌫{1/2 [510]9/2+[624]}⌦ ⇡9/2 [514] state is predicted 927 keV above the ex-
perimental value of 1332 keV, whereas the ⌫{1/2 [510]11/2+[615]} ⌦ ⇡9/2 [514]
configuration lies just 44 keV below the observed value (see Table 7.3) and is as-
signed to this isomer. Note that this state is a non-maximal coupling, with the
1/2 [510] state contributing ⌦ =  1/2 to the total K-value.
States at 1477, 1587, 1878, 2250 and 2304 keV
For the 21/2  state at 1477 keV, two possible configurations of
⌫{3/2 [510]11/2+[615]} ⌦ ⇡7/2+[404] and ⇡{7/2+[404]9/2 [514]5/2+[402]} are
predicted to lie within 80 keV of the observed value. The three-proton configuration
is also known in 177Ta [Das00], 179Ta [Kon04] and 181Ta [Whe99a]. In 185Ta, Lane
et al. [Lan09] assigned a ⌫2⇡ configuration to this state by comparison with the
186W isotone. On the other hand, Walker et al [Wal15] prefer the ⇡3 interpretation
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Table 7.3: Predicted multi-quasiparticle states in 183Ta compared with experimentally
observed states. Section 6.2 describes the details of the calculations and the parameters
used.
K⇡ Configuration Emqp Eres Ecal Eexp  E
⌫ ⇡ (keV) (keV) (keV) (keV) (keV)
7/2+ 7/2+ 0.0 - 0.0 0.0 0
9/2  9/2  73.0 - 73.0 73 0
5/2+ 5/2+ 459 - 459
19/2+ 1/2 , 11/2+ 9/2  1510 -222 1288 1332 -44
9/2+, 1/2  9/2  2249 +8 2259
19/2  1/2 , 11/2+ 7/2+ 1437 +264 1701
3/2 , 7/2  9/2  1866 -219 1647
21/2+ 1/2 , 11/2+ 9/2  1510 -64 1446
9/2+, 3/2  9/2  2138 -145 1994
21/2  3/2 , 11/2+ 7/2+ 1647 -139 1508 1477 +31
9/2 , 7/2 , 5/2+ 1628 -77 1551
23/2+ 3/2 , 11/2+ 9/2  1720 -216 1504 1587 -83
9/2+, 1/2 , 3/2 , 11/2+ 7/2+ 3180 +180 3360
1/2 , 11/2+ 9/2 , 7/2+, 5/2+ 3065 +61 3126
23/2  9/2+, 7/2  7/2+ 2411 +311 2721
5/2 , 11/2+ 7/2+ 2240 +304 2544
25/2+ 9/2+, 7/2  9/2  2484 +6 2490
5/2 , 11/2+ 9/2  2313 -43 2271 (2250) +21
9/2+, 11/2+ 5/2+ 2737 -28 2709
25/2  11/2 , 7/2  7/2+ 2193 +310 2502
27/2+ 9/2+, 11/2+ 7/2+ 2278 +328 2606
11/2+, 7/2  9/2  2266 +66 2331 2304 +27
29/2+ 9/2+, 1/2 , 3/2 , 11/2+ 7/2+ 3180 -225 2955
3/2 , 11/2+ 9/2 , 7/2 , 5/2+ 3274 -233 3042
11/2 , 7/2  9/2 , 7/2 , 5/2+ 3820 +113 3933
29/2  9/2+, 11/2+ 9/2  2351 -14 2337 2475 -138
31/2+ 9/2+, 1/2 , 3/2 , 11/2+ 7/2+ 3180 +177 3356
1/2 , 11/2+ 9/2 , 7/2+, 5/2+ 3065 -354 2711 2953 -242
31/2  9/2+, 1/2 , 3/2 , 11/2  9/2  3253 -315 2938
9/2+, 11/2+ 9/2 , 7/2+, 5/2+ 3905 +174 4079
33/2+ 9/2+, 1/2 , 11/2+, 7/2  7/2+ 3274 +258 3532
1/2 , 11/2+ 9/2  7/2 , 5/2+ 3065 -206 2859 (3139) -280
33/2  9/2+, 1/2 , 3/2 , 11/2+ 9/2  3253 -159 3094 3068 +26
9/2+, 3/2 , 11/2+, 7/2  9/2  4002 +659 4661
35/2+ 3/2 , 11/2+ 9/2 , 7/2+, 5/2+ 3274 -328 2947 3202 -255
9/2+, 1/2 , 11/2+, 7/2  7/2+ 3683 +1259 4942
35/2  9/2+, 1/2 , 11/2+, 7/2  9/2  3756 -131 3625
37/2+ 9/2+, 3/2 , 11/2+, 7/2  7/2+ 3929 +218 4147
5/2 , 11/2+ 9/2 , 7/2+, 5/2+ 3868 -192 3676 3477 +199
37/2  9/2+, 1/2 , 11/2+, 7/2  9/2  3756 +626 4382
39/2+ 11/2+, 7/2  9/2 , 7/2+, 5/2+ 3820 -238 3583 3717 -134
39/2  9/2+, 3/2 , 11/2+, 7/2  9/2  4002 -164 3838
41/2  9/2+, 11/2+ 9/2 , 7/2+, 5/2+ 3905 -190 3715 3870 -155
Configurations: Neutrons: 1/2 : 1/2 [510], 3/2 : 3/2 [512], 5/2 : 5/2 [512], 7/2 : 7/2 [503],
11/2+: 11/2+[615], 9/2+: 9/2+[624]. Protons: 5/2+: 5/2+[402]; 7/2+: 7/2+[404]; 9/2 : 9/2 [514].
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based on systematics of K-hindrances in this region.
Examining the systematic calculations in Fig. 6.5 of the predicted states in odd-A
tantalum nuclei from 181Ta to 185Ta, it can be observed that the ⇡⌫2 state lies
high in 181Ta, but lowers to become competitive with the ⇡3 state in both 183Ta
and 185Ta. On that basis, the ⌫{3/2 [510]11/2+[615]} ⌦ ⇡7/2+[404] configuration
is proposed for the 21/2  state in 183Ta, although the ⇡3 configuration cannot be
ruled out completely.
For the proposed 23/2+ state at 1587 keV, the ⌫{3/2 [512]11/2+[615]}⌦⇡9/2 [514]
configuration appears to be the only energy-favoured configuration among the three
predicted 23/2+ states.
The observed energy of 1878 keV for the 25/2+ state appears too low to be com-
parable to the energies of the three predicted 25/2+ states in Table 7.3, with the
lowest lying at 2271 keV. This suggests that the 1878 keV level may be a collective
state above the 23/2+ bandhead. The angular correlations in Fig. 4.15 suggest
a mixed M1/E2 character with   = 0.26(5) for the 291 keV transition. A value
of gK = 0.89(5) can be deduced from this mixing ratio (assuming gR = 0.35(5)),
inconsistent with the theoretical expected value of gK=0.437 for the proposed 23/2+
configuration. Hence, the nature of the 25/2+ state remains somewhat unclear.
A ⌫5/2 [512]11/2+[615]⌦⇡9/2 [514] configuration can be proposed for the (25/2+)
level at 2250 keV, despite the unconfirmed spin and parity, as well as the unknown
ordering of the 54 and 663 keV transitions. This energy favoured configuration is
calculated to lie at 2271 keV, 21 keV above the tentative experimental value. The
other two 25/2+ states are predicted to lie higher at 2490 and 2709 keV.
For the 27/2+ state at 2304 keV, the calculations predict a low-lying
⌫{11/2+[615]7/2 [503]}⌦ ⇡9/2 [514] state that appears just 27 keV above the ex-
perimental value, while the other calculated 27/2+ configuration lies more than
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300 keV above the observed energy.
Isomeric state at 2475 keV, K⇡ = 29/2 
There is only one low-lying 29/2  state predicted, with its energy of 2337 keV only
138 keV below the observed value. The corresponding three-quasiparticle configura-
tion of ⌫{9/2 [624]11/2+[615]}⌦⇡9/2 [514] has been assigned to the observed 29/2 
isomer. Isomers with K⇡ = 29/2  and the same configuration have been observed
in the neighbouring isotope 181Ta [Whe99a] and the isobar 183Re [Pur00, Has98].
Five-quasiparticle states
States at 2953, 3069, 3139, 3202, 3477 and 3717 keV
From Table 7.3, the only 31/2+ intrinsic state calculated to lie close in energy
to the experimental state at 2953 keV is a five-quasiparticle state with the
⌫{1/2 [510]11/2+[615]} ⌦ ⇡{9/2 [514]7/2+[404]5/2+[402]} configuration. The
other alternative K⇡ = 31/2+ state is predicted 400 keV above the experimental
value.
Only one low-lying 33/2  state was predicted and this can be associ-
ated with the tentative K⇡=33/2  experimental state at 3069 keV. The
⌫{9/2+[624]1/2 [510]11/2+[615]3/2 [512]} ⌦ ⇡9/2 [514] configuration is cal-
culated to lie just 25 keV below the experimental value.
The spin and parity for the (33/2+) state at 3139 keV is tentative, as is the ordering
of the 64 and 186 keV transitions. Nevertheless, the calculations predict two K⇡ =
33/2+ states, with the ⌫{1/2 [510]11/2+[615]} ⌦ ⇡{9/2 [514]7/2+[404]5/2+[402]}
lying at 2859 keV, 280 keV below the experimental value. The other alternative
K⇡ = 33/2+ state with a ⌫4⇡ configuration is predicted 390 keV above the
experimental value.
Of the two 35/2+ states predicted, the only energy favoured state corresponds
to the ⌫{3/2 [512]11/2+[615]} ⌦ ⇡{9/2 [514]7/2+[404]5/2+[402]} configuration,
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appearing 255 keV below the observed value of 3202 keV.
For the 37/2+ state at 3477 keV, the calculations predict a low-lying state with
the ⌫{5/2 [512]11/2+[615]} ⌦ ⇡{9/2 [514]7/2+[404]5/2+[402]} configuration that
appears 200 keV above the experimental energy value, while the other calculated
37/2+ configuration lies over 600 keV above the observed energy.
Only one low-lying 39/2+ state is predicted. This state with a
⌫{7/2 [503]11/2+[615]} ⌦ ⇡{9/2 [514]7/2+[404]5/2+[402]} configuration is
predicted 134 keV above the experimental value of 3717 keV.
Isomeric state at 3870 keV, K⇡ = 41/2 
Only one low-lying 41/2  state is predicted and this state can be associated with the
3870 keV isomer. This ⌫{9/2+[624]11/2+[615]} ⌦ ⇡{9/2 [514]7/2+[404]5/2+[402]}
configuration is calculated 155 keV below the experimental value.
7.4 Configuration assignments in 182Ta
7.4.1 Two-quasiparticle states
Ground state at 3 
The ground state rotational band remains unobserved, so no information is available
concerning its gK value. Bizzarri et al. [Biz66] and Helmer et al. [Hel71] assigned the
⌫1/2 [510]⌦ ⇡7/2+[404] configuration to this state based on model calculations. In
the present calculation this configuration is predicted to be the ground state while
the other 3  state appears higher in energy (see Table 7.5).
K⇡ = 5+ state at 16 keV
The band built on this state was observed in previous work [Biz66, Hel71] and both
groups assigned it to the ⌫1/2 [510]⌦ ⇡9/2 [914] configuration. In the present
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work, a value of |gK   gR| was evaluated from the measured in-band branching
ratio of the 172 and 318 keV transitions as shown in table 7.4. The deduced value
of gK = 0.97(8) compares well with the predicted value of gK = 0.987 for the
⌫1/2 [510]⌦ ⇡9/2 [914] configuration [Stu05].
Table 7.4: Measured in-band branching ratios for the 5+, 10  and 15+ bands in 182Ta,
together with inferred gyromagnetic ratios.
K⇡ J⇡i E  E   
a |gK   gR|b
(I ! I   1) (I ! I   2)
(keV) (keV)
5+ 7+ 171.8 318.4 0.16(1) 0.615(28)
10  12  287.3 553.9 0.82(6) 0.141(11)
13  306.8 594.1 1.4(2) 0.165(19)
14  324.8 631.7 3.6(4) 0.098(18)
weighted avg: 0.14(1)
15+ 17+ 362.9 708.6 1.02(3) 0.028(10)
a   = I (I ! I   2)/I (I ! I   1).
b Assuming Q0=6.5 eb.
Figure 7.5(b) shows the deduced alignments for di↵erent bands observed in 182Ta
in the present work. The aligned angular momentum of the 5+ band is ⇠1.2 h¯,
consistent with contributions from both the 1/2 [510] neutron and the 9/2 [514]
proton (c.f. Fig. 7.5(a)). The present calculations predict only one low-lying 5+
state. It has the expected ⌫1/2 [510]⌦ ⇡9/2 [914] configuration and an energy
within 45 keV of the experimental value.
K⇡ = 10  state at 519 keV
The rotational band built on this state is observed for the first time in the
present work. Helmer et al. [Hel71] and Bizzarri et al. [Biz66] proposed a
⌫11/2+[615]⌦ ⇡9/2 [514] configuration for this isomer based on its measured an-
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Figure 7.5: Aligned angular momenta for the 5+, 10  and 15+ bands in 182Ta compared
to single-particle rotational bands in the nearby odd-mass nucleus 183W [Sai00] and the
10+ band in 182W [Shi95].
gular momentum and comparison with the predicted energies for two-quasiparticle
states. In the present work, the measured |gK   gR| value of 0.14(1) as shown in
Table 7.4 corresponds to gK=0.49(6). This value is in good agreement with the
predicted value of gK=0.46 for the ⌫11/2+[615]⌦ ⇡9/2 [514] configuration from the
Nilsson model. From the calculations, only this configuration is calculated to lie low
in energy. Note, however, that the 11/2+[615] neutron energy was adjusted to give
this good agreement. Nevertherless, the alignment for this band in Fig. 7.5(b) is seen
to increase from 1.8 to 2.4 h¯ and this can be attributed to the intrinsic alignment of
the i13/2 neutron and 9/2 [514] proton components, providing further evidence that
the configuration assignment is correct.
7.4.2 Four and six-quasiparticle states
Amongst the states above 1.9 MeV in 182Ta (see Fig. 5.3), there are almost no
signs of rotational band structures except for two states built above the 15+ state.
Hence, configurations proposed for these states are based mostly on the predicted
multi-quasiparticle states described in Chapter 6.
Figure 7.6 shows the calculated yrast and near yrast states in 182Ta compared with
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Figure 7.6: Calculated yrast and near-yrast states in 182Ta, compared with experimental
energies from the present work. There is good agreement between the predicted values
and experimental observations, except for the yrast 15  and 16  states discussed in sec-
tion 8.4.2.
the experimental states observed. The calculations predict a high density of intrinsic
states above 1.9 MeV, consistent with the level scheme in Figure 5.3. Also, there
are several predicted low-lying states with spin and parities comparable to those
suggested from the experiment. Table 7.5 shows a summary of the predicted low-
lying states in 182Ta together with their configurations.
K⇡ = 14+ states at 1950 and 2093 keV
From table 7.5, two possible 14+ configurations are low-lying,
these being the ⌫7/2 [503]⌦ ⇡9/2 [514]7/2+[404]5/2+[402] and
⌫9/2+[624]1/2 [510]11/2+[615]⌦ ⇡9/2 [514] states calculated at 1893 and
1921 keV, respectively. With the closeness of the predicted 14+ alternatives, either
candidate is possible for the two 14+ states observed experimentally, although a
⌫3⇡ configuration for the 14+, 1950 keV isomer is more likely, as will be discussed
below.
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Table 7.5: Predicted multi-quasiparticle states in 182Ta compared with experimentally
observed states. Section 6.2 describes the details of the calculations and the parameters
used.
K⇡ Configurations Emqp Eres Ecal Eexp  E
⌫ ⇡ (keV) (keV) (keV) (keV)
3  1/2  7/2+ 0.0 -50 -50 0 -50
1/2  5/2+ 480 -55 425
4  1/2  7/2+ 0.0 +50 50
5+ 1/2  9/2  42.1 -71.5 -29.5 16 -45
5  3/2  7/2+ 208 -52 157
6+ 3/2  9/2  251 +77 328
7  7/2  7/2+ 454 +62 516
8+ 7/2  9/2  496 -107 389
9/2+ 7/2+ 626 +64 690
9+ 11/2+ 7/2+ 623 +64 687
9  9/2+ 9/2  668 -73 595
10  11/2+ 9/2  665 -143 522 519 +3
14+ 7/2  9/2 , 7/2+, 5/2+ 2111 -218 1893 2093 -200
9/2+, 1/2 , 11/2+ 9/2  2163 -242 1921 1950 -29
14  9/2+, 1/2 , 11/2+ 7/2+ 2121 +679 2800
9/2+, 3/2 , 7/2  9/2  2220 -256 1964 2082 -118
15+ 9/2+, 1/2 , 11/2+ 9/2  2163 +215 2378 2243 +135
5/2 , 11/2+, 7/2  7/2+ 2878 +587 3465
15  9/2+ 9/2  7/2+ 5/2+ 2283 -187 2096
9/2+, 3/2 , 11/2+ 7/2+ 2359 -24 2335
16+ 9/2+, 3/2 , 11/2+ 9/2  2401 -237 2164 2484 -320
16  11/2+ 9/2 , 7/2+, 5/2+ 2281 -280 2001
5/2 , 11/2+, 7/2  9/2  2920 +72 2992
17+ 5/2 , 9/2+, 11/2+ 9/2  3177 +271 3448 3341 +107
17  9/2+, 11/2+, 7/2  7/2+ 2621 +758 3379
18+ 9/2+, 11/2+, 7/2  9/2  2663 +248 2911 2762/3122 +149/211
18  9/2+, 1/2 , 7/2  9/2 , 7/2+, 5/2+ 3603 -368 3235 3399 -164
19+ 9/2+, 11/2+, 9/2  9/2  3874 -275 3599
19  5/2 , 1/2 , 11/2+ 9/2 , 7/2+, 5/2+ 4045 +33 4078
9/2+, 1/2 , 7/2  9/2 , 7/2+, 5/2+ 3603 +80 3683
20+ 9/2+, 1/2 , 11/2+ 9/2 , 7/2+, 5/2+ 3779 -415 3364
20  9/2+, 3/2 , 7/2  9/2 , 7/2+, 5/2+ 3836 -380 3456
5/2+, 3/2 , 11/2+ 9/2 , 7/2+, 5/2+ 4277 -427 3850
21+ 9/2+, 1/2 , 11/2+ 9/2 , 7/2+, 5/2+ 3779 +34 3813
Configurations: Neutrons: 1/2 : 1/2 [510], 3/2 : 3/2 [512], 5/2 : 5/2 [512], 7/2 : 7/2 [503],
11/2+: 11/2+[615], 9/2+: 9/2+[624]. Protons: 5/2+: 5/2+[402]; 7/2+: 7/2+[404]; 9/2 : 9/2 [514].
142 Configuration assignments
K⇡ = 15+ state at 2243 keV
From Figure 7.5(b), it can seen that the 15+ band carries a degree of rotational
alignment greater than the alignment of the 10+ band in 182W [Shi95] that is known
to contain both the 9/2+[624] and the 11/2+[615] i13/2 neutrons. This implies the
presence of these high-j orbitals in the configuration of the 15+ state, consistent
with the predicted low-lying ⌫9/2+[624]1/2 [510]11/2+[615]⌦ ⇡9/2 [514] configu-
ration that is calculated just 135 keV above the experimental value.
A |gK   gR| value of 0.028(10) was deduced from the branching ratio of the 363
and 709 keV transitions. Taking the two possible signs, this gives gK = +0.38(6) or
gK =  0.32(6),with the former being slightly above the predicted value of gK= 0.23
for the above configuration. Note that the empirical gK-value of the 10+ band in
182W [Shi95] was used for the 9/2+[624]11/2+[615] part of the configuration. This
choice, and the approximations used for Qo and gR (see section 7.1), could explain
the small discrepancy.
State at 2082 keV, K⇡ = (14 )
Although the spin and parity for this state cannot be confirmed, the calculations
predicted a low-lying 14  state at 1964 keV. The proximity of its energy to the ob-
served 2082 keV state suggests a ⌫9/2+[624]3/2 [512]7/2 [503]⌦ ⇡9/2 [514] con-
figuration. Note that there are other possibilities of low-lying 15  and 16  states
predicted at 2096 and 2001 keV, respectively, however they are unlikely as will be
discussed further in section 8.4.2.
State at 2484 keV, K⇡ = (16+)
The only 16+ candidate predicted at low energy has the
⌫{9/2+[624]3/2 [512]11/2+[615]} ⌦ ⇡9/2 [514] configuration and appears at
2164 keV, 320 keV below the K⇡ = (16+) state at 2484 keV. The other 16+ state
lies even higher at 2588 keV, consistent with this state being a collective band
member, as discussed in section 5.2.5.
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States at 2951 and 3341 keV with I⇡ = (17+)
The calculations predict only one low-lying 17+ state at 3448 keV with configuration
⌫{5/2 [512]9/2+[624]11/2+[615]} ⌦ ⇡9/2 [514], while there are two 17+ states ob-
served at 2951 and 3341 keV. The 17+ level observed at 2951 keV appears 500 keV
below the prediction, consistent with it being part of the 15+ band as discussed in
earlier sections. The other (17+) state observed at 3341 keV is 107 keV below the
predicted state and hence is associated with this configuration.
State at 2762 keV with I⇡ = (18+)
Only one low-lying 18+ state was predicted and this can be associated with the
K⇡ = (18+) at 2762 keV. This state with a ⌫{9/2+[624]11/2+[615]7/2 [503]} ⌦
⇡{9/2 [514]} configuration is calculated 149 keV above the experimental value.
Isomer at 3399 keV with K⇡ = (18 )
The (18 ) state predicted at 3235 keV with a ⌫{9/2+[624]1/2 [510]7/2 [503]} ⌦
⇡{9/2 [514]7/2+[404]5/2+[402]} configuration is energy-favoured, appears 164 keV
below the (18 ) isomer, and is the suggested assignment for the 106 ns isomer.
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Chapter 8
Discussion
In this chapter, the structure of 182Ta and 183Ta is investigated by comparing tran-
sition strengths with similar transitions in the mass region. Possible explanations
for some of the anomalous transition strengths will be discussed alongside other
features such as expected states that are not observed and structural changes across
the nearby nuclei.
8.1 Transition strengths in 183Ta
Table 8.1 shows the measured transition strengths and hindrances for decays in
183Ta observed in the present work. For states with no measured lifetimes only
limits (⌧ < 5 ns) were evaluated.
8.1.1 9/2 , 157 ns isomer
The value of B(E1) = 2.7(1) ⇥ 10 6 W.u for the 73 keV, E1 decay between the
9/2 [514] and 7/2+[404] intrinsic states is consistent with the previous measure-
ment [Fir92]. It also agrees well with equivalent transitions known in 179Ta [Lo¨b65],
181Ta [Hau61, Lo¨b65] and 185Ta [Lan09], as can be seen in table 8.2.
8.1.2 19/2+, 1200 ns isomer
The 465 and 23 keV decay branches from the K⇡ = 19/2+ isomer are both stretched
E1 transitions that decay to the 17/2  members of the 9/2 [514] and 9/2 [514]⌦2+  -
bands, respectively. Since E1 transitions are intrinsically hindered, the reduced
hindrance values in italics in Table 8.1 transitions include a 104 intrinsic hindrance.
The 465 keV transition with f⌫ = 34 falls in the range for K-forbidden transitions.
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The low-value of f⌫ = 5 for the 23 keV transition is likely due to K-mixing that
occurs in the 9/2  ⌦ 2+  -band from the  -vibration, hence the daughter state is not
pure K = 13/2.
8.1.3 29/2 , 40 ns isomer
The 171 keV decay branch from this isomer is a stretched E1 transition to a 27/2+
intrinsic state. Its strength of B(E1) = 1.4(1) ⇥ 10 6 W.u compares well with
those for K-allowed E1 transitions in other tantalum isotopes [Lo¨b65, Lan09] and is
consistent with that for the 73 keV, E1 transition discussed above in section 8.1.1.
8.1.4 41/2 , 70 ns isomer
Similar to 8.1.1 and 8.1.3 above, the value of B(E1) = 1.1(1) ⇥ 10 6 W.u for the
153 keV, E1 decay is consistent with other B(E1) values for K-allowed decays in
the region.
8.1.5 Transitions from states with lifetime limits of ⌧ < 5 ns
Most decays from the non-isomeric states between the 19/2+ and 41/2  isomers
are K-allowed transitions between intrinsic states, except perhaps the 291 keV
transition that might be due to the possible first rotational excitation above the
23/2+ bandhead, and, if it is, the 426 keV transition may have forbiddeness, ⌫ = 1.
The deduced limits on the strengths of all these decays are summarised in Table 8.1
for each multipolarity proposed. Essentially, all values are plausible except for the
E1 transitions at 110 and 145 keV that both show relatively larger strengths, > 10 5
W.u, an order of magnitude higher than the E1 strengths observed for the 73, 153
and 171 keV transitions. This is discussed further below.
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Table 8.2: Known transition strengths for 9/2  ! 7/2+, E1 decays in 179,181,183,185Ta.
The table is adapted from Lane et al. [Lan09] to also include the present results.
Nucleus ⌧ E  I     ↵T B(  ) ⌫ f⌫
(keV) (W.u.)
185Ta; 17(3) ns 175.5 100(7) E1 0.085 2.8(6)⇥ 10 6 0  
(22.6) 1.52(12) E1 4.00 2.0(4)⇥ 10 5 0  
183Ta ; 154(16) ns 73.2 100 E1 0.815 2.76(28)⇥ 10 6 0  
181Ta ; 8.73(17) µs 6.24 100 E1 30.1 4.63(9)⇥ 10 6 0  
179Ta ; 2.05(12) µs 30.7 100 E1 1.731 1.90(11)⇥ 10 6 0  
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8.2 Transition strengths in 182Ta
Table 8.3 shows the transition strengths and reduced hindrances evaluated for the
decays in 182Ta.
8.2.1 10 , 1380 s isomer
Only the 185 keV, E3 transition from the K⇡ = 10  isomer was observed in the
present work, while for the unobserved 356 keV, M4 transition, an upper inten-
sity limit was deduced. The observed branching ratio limit of   < 0.04 (from
I ( I = 4; 356)/I ( I = 3; 185)), is consistent with the previous measurement of
0.01 from Refs. [Biz66, Hel71]. Using the present intensities and prior lifetime, these
two transitions have reduced hindrances of 225(26) and > 1 (see Table 8.3), both of
which are consistent with the f⌫ ⇠ 30   300 range expected for axially symmetric
nuclei with a well defined K-quantum number.
8.2.2 14+, 356 ns isomer
The two E1 decay transitions of 245 and 570 keV out of this state have reduced
hindrances of 29(1) and 33(2), respectively, after allowing for a factor of 104 intrinsic
hindrance, consistent with K-conservation, albeit at the low end of the range.
8.2.3 (18 ), 106 ns isomer
From angular correlation measurements discussed in section 5.2.5, the 448 keV
transition was identified as a mixed dipole, implying either an M1/E2 or E1/M2
multipolarity. A tentative (18 ) assignment was suggested in section 5.2.5 for the
106 ns isomer, assuming the 448 keV transition was likely to have mixed E1/M2
character. In this section, both of the M1/E2 and E1/M2 possibilities, with
implied (18+) or (18 ) assignments, will be investigated.
Evaluated strengths for the three depopulating transitions of 59, 448 and 638 keV
are shown in Table 8.3. Note that the dipole and the quadrupole components of
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the 448 keV branch are extracted and evaluated separately, in both cases.
For the 448 keV, M1/E2 transition, very large reduced hindrances are observed
for the M1 and E2 components. Similar results are obtained for the limit on the
reduced hindrance of the potential 811 keV crossover transition to the 2588 level
deduced from the intensity limit on this unobserved transition. These unphysical
values rule out the 18+ assignment.
For the (18 ) assignment, the E1 andM2 components of the 448 keV transition have
reasonable reduced hindrances that are within the usual range for K-forbiddeness.
Similarly, the limit on the potential 811 keV, M2 transition is plausible. The com-
peting K-allowed, E1 transition at 58 keV has B(E1)=1.4(2)⇥10 6 W.u, a value
consistent with normal B(E1) values already observed in the neighbouring tantalum
isotopes and in 183Ta in the present work (see section 8.1). In contrast, the strength
of the K-allowed 638 keV transition is much lower, at only 1.6⇥10 9 W.u. This will
be discussed in detail below.
8.2.4 Transitions from states with lifetime limits ⌧ < 5 ns
A similar analysis to that performed for 183Ta in section 8.1.5 is given in Table 8.3.
For the K-allowed transitions from states with no observed lifetime, the limits on
the strengths all have plausible values.
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8.3 Comments on transition strengths
This section highlights and suggests possible explanations for some of the inconsis-
tencies observed regarding some of the B(E1) values observed in 182Ta and 183Ta.
The fact that 468 and 496 keV inter-band transitions compete with in-band collec-
tive decays in 182Ta will also be discussed.
8.3.1 Enhanced E1 strengths for the 110 and 145 keV tran-
sitions in 183Ta
Considering the strengths observed for K-allowed, E1 decays in the mass-180 re-
gion (see e.g. Table 8.2) and including those from the 9/2 , 29/2  and the 41/2 
states in 183Ta, one would have anticipated measurable lifetimes for both the 1477
and 1587 keV levels. Instead, the < 5 ns lifetime limits imply that the 110 and
145 keV, E1 transitions have B(E1) > 10 5 W.u. Best evidence suggests they are
E1, but there must be some doubt, especially given that a low-lying 21/2+state
is predicted at 1446 keV that could be the origin of the 1477 keV, 21/2  state. A
change in parity of this state would make both transitionsM1 and no lifetime would
be expected. At present these anomalies cannot be explained and this will be worth
investigating in the future.
8.3.2 B(E1) ⇠ 10 9 W.u for the 638 keV transition in 182Ta
The large hindrance for the 638 keV transition can possibly be explained in
terms of the large configuration change that takes place between the 3399 keV
isomer and the 2767 keV state. The proposed configurations for these two
states are ⌫{9/2+[624]1/2 [510]7/2 [503]} ⌦ ⇡{9/2 [514]7/2+[404]5/2+[402]} and
⌫{9/2+[624]11/2+[615]7/2 [503]} ⌦ ⇡{9/2 [514]}, respectively (see Table 7.5), so
that the decay between them would require a change from three protons to one pro-
ton as well as a change of one of the neutron orbitals from 1/2 [510] to 11/2+[615].
This large change could possibly suppress the strength of the 638 keV transition.
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8.3.3 468 and 496 keV transitions competing with in-band
decays in 182Ta
Transitions between related collective states in a rotational band are enhanced and
would usually be expected to dominate over competing interband transitions to
unrelated intrinsic states. For the proposed (15+) band in 182Ta, one would naively
expect the 363, 346 keV and 709 keV in-band transitions to take all the intensity
from the 2588 and 2951 keV states. However, 468 and 496 keV transitions compete
with the in-band decays and feed what are assigned as intrinsic states at 2484 and
2093 keV, respectively.
The enhancement of these transitions might be explained in terms of a K-mixing
between the K⇡ = (16+), 2484 keV intrinsic state and the collective 16+ state at
2588 keV. The enhancement of the 468 keV could be due to an admixture of the
wavefunction for the 16+ collective state into the nearby 16+, 2484 keV wavefunction
so that the 468 keV transition has an in-band component. Similarly, the 496 keV
transition may result from an admixture of the K⇡ = (16+) intrinsic state wave-
function into the collective (16+) wavefunction. Thus the 496 keV transition may
compete as it has an intrinsic state to intrinsic state component.
8.4 Comments on overall state configurations and
changes between them.
This section highlights some of the key features of the predicted states and the
assigned configurations in 182Ta and 183Ta.
8.4.1 Commonality of base configurations in 183Ta
For most states from 19/2+ up to the 29/2  isomer, (except the 21/2 ), there is
a common ⌫2⇡ base configuration involving the lowest lying two-neutron states
known in the neigbouring 184W nucleus, for example the 10+, 7  and 5  coupled
to the 9/2 [514] proton. This is not unexpected, and in some ways reflects initial
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assumptions made in the multi-quasiparticle calculation when adjusting the Nilsson
single-particle energies to reproduce the experimental energy values of the low-lying
two neutron states in the 184W core (see section 6.2).
Above the 29/2  isomer, the majority of the suggested five-quasiparticle configura-
tions are from the similar low-lying two-neutron states, but now coupled to a 21/2 
state from the three-proton coupling. Note that this ⇡3, 21/2  building block is
known in the odd-mass isotopes of 181Ta [Whe99a] and 179Ta [Kon97].
The 10+, two-neutron component common to the 29/2  and 41/2  isomers
results from the coupling of the i13/2-neutron orbitals, 9/2+[624] and 11/2+[615].
This 10+ state is also an isomer in 182W [Shi95] and would be in 184W were it
not for an accidental degeneracy with the 10+ member of the  -band [Lan15].
This 10+ state is also known to be a part of the 29/2  isomers in 181Ta and
183Re [Whe99a, Pur00, Has98]. The present calculations suggest that the, as yet
unobserved, 41/2  state in 181Ta will have the same 10+ and 21/2 , neutron and
proton components.
The above observations are reasonable since the 10+ state is among the known yrast
two-neutron states in the neighbouring even-even tungsten isotopes (see Table A.3)
and generates the highest value of K that is possible from combining two low-lying
neutron states. Furthermore, at high excitation energy and spin, it makes sense that
all of the three low-lying proton states may start to take part in the many-particle
configuration.
8.4.2 Missing 15  and 16  states in 182Ta
The evidence for the agreement between the predicted states and the observed
state in 183Ta has already been discussed in Chapters 6 and 7. Most of the yrast
states predicted in the calculations have already been assigned to the observed
states. However, the calculated yrast states at 15  and 16  (see Figure 7.6) are
low-lying and one would expect to observe them, but they are not seen. A number
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of possibilities are explored below to try and understand this.
Although the spin and parity of the 2082 keV state cannot be confirmed, its lifetime
appears to be ⌧ < 300 ns as described in section 5.2.4. Note that in the chopped-
beam data no transitions are observed that could correspond to the depopulation of
this state or any longer lived state; only states fed by the 10  isomer are observed
at greater that few micro seconds out-of-beam. The ⌧ < 300 ns limit would appear
to rule out M2 character for the 132 keV transition and a 16  assignment for the
2082 keV level. The tentative K⇡ = (14 ) assignment for this level is then based on
the three possible predicted states, further implying that both the 15  and the 16 
are possibly just above the 2082 keV state. If this is true, they would be expected
to feed the 14 , 2082 keV state via low energy transitions.
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Figure 8.1: Partial level scheme of 182Ta above the 356 ns isomer as deduced in the
present work. The two predicted yrast states of 15  and 16  are unobserved in the
present work. The reasons they might have been missed are described in the text.
With this arrangement, there is a potential high energy E2 transition
from the 3399 keV, K⇡ = (18 ) isomer, to the predicted K⇡ = 16 
state as shown in figure 8.1. If the present configuration assignments
are correct, this K-allowed transition would involve a change from the
⌫{9/2+[624]1/2+[510]7/2 [503]} ⌦ ⇡9/2 [514]7/2+[404]5/2+[402] configuration to
⌫{11/2+[615]} ⌦ ⇡9/2 [514]7/2+[404]5/2+[402]. While the same protons are in-
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volved, the three neutrons 9/2+[624], 1/2+[510] and 7/2 [503] change to a fourth
(di↵erent) neutron 11/2+[615]. So there might be a very small wavefunction over-
lap. This large configuration change could potentially suppress the K-allowed E2
transition, so there is only a weak branch from the 18  state. One would still expect
strong feeding of the 16  state, as it is yrast, but this feeding would be prompt (in-
beam) and hard to see. Note that the present experiment was mainly focused on
the study of isomers, with only limited prompt spectroscopic information.
8.4.3 Missing 21/2+ state in 183Ta
For 183Ta there is also a missing 21/2+ state expected to lie near the observed 21/2 .
A possible explanation is that this state could be fed in-beam and would be hard
to observe since the present experiment was optimised to study isomers, however,
there is no evidence to support this. There is also a possibility that the 1477 keV
state assigned as 21/2  could in fact be 21/2+. However, then, the absence of the
21/2  state would remain unexplained.
8.4.4 Structural changes and systematics
Figure 8.2 shows the partial level scheme for 176Ta and 177Ta from Das-
gupta et. al. [Das94]. Despite the occurence of isomers, there are still well
developed rotational sequences, even at high-spin. This is “normal” behaviour in
this region.
A similar sudden increase in the level density of intrinsic states (but with no
rotational structures exposed) at higher excitation energies is also visible in the
high-spin part of the level scheme for the isotone 184W, just above the K⇡ = 10+
state at 2480 keV [Whe04, Lan12, Lan15].
Figure 8.3 shows the predicted intrinsic state energies in 184W from multi-
quasiparticle calculations perfomed by Lane et al. [Lan08]. The experimental
ground state and  -bands are shown for comparison. Above I = 14, the theoretical
yrast line consists of a sequence of intrinsic states mostly separated by  I = 1.
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Fig. 1. Partial level schemes showing the main isomeric decay 
paths for 176Ta and 177Ta. 
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Figure 8.2: Known level scheme for 176,177Ta showing many intrinsic states with some
favoured such that they expose rotational structures in their decay. This is in contrast
with results for 184W, 182Ta and 183Ta where more intrinsic states are yrast but with
K-allowed decays being favoured. Figure taken from Ref. [Das94].
This is in agreement with the experimental level scheme [Whe04, Lan15] and lies
in stark contrast to 176Ta and 177Ta.
Figure 8.4 shows a similar comparison for 183Ta. Solid lines illustrate the collec-
tive 7/2+, 9/2  ⌦   and 9/2  bands known experimentally. The dotted line shows
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Figure 8.3: Intrinsic state energies for 184W from multi-quasiparticle calculations per-
formed by Lane et al. [Lan08], compared to the solid lines that illustrate the collective
bands known experimentally. Above I = 14, an yrast sequence of intrinsic states separated
by  I = 1 is predicted as indicated by the dotted line. Figure taken from Ref. [Lan08].
the intrinsic state yrast line that would form at high spins, similar to 184W. Both
calculations show a similar pattern and both are consistent with experimental obser-
vations. The new level scheme for 183Ta deduced in the present work and presented
in Fig 4.2 shows both intrinsic and collective structures up the 19/2+, 1332 keV
isomer. Above this level, only a sequence of intrinsic states is observed up to the
highest state at 41/2 . A somewhat similar behaviour is also observed in 182Ta, as
illustrated in Figs. 5.3 and 6.6.
From the above experimental observations in 176Ta, 177Ta, 184W, 182Ta and 183Ta,
together with the results from the present multi-quasiparticle calculations in Fig. 6.6
and 6.9, it is evident that as we approach the more neutron-rich side along the tan-
talum isotopic chain, high-energy intrinsic states come down in energy and become
yrast, changing the nature of the high-spin level schemes. Hence, there is a more
uniform distribution of energy states with no especially favoured states that expose
rotational band structure.
§8.4 Comments on overall state configurations and changes between them.161
0 10 20 30 40
2I ( h_ )
0
1000
2000
3000
4000
5000
6000
E x
 
(ke
V)
π = −
π = +
183Ta
intrinsic states
yrast line
9/2-[514]+γ
gsb
9/2-
Figure 8.4: Intrinsic state energies for 183Ta from multi-quasiparticle calculations per-
formed in the present work, compared to the solid lines that illustrate the collective bands
known experimentally. Above I = 19/2, an yrast sequence of intrinsic states is predicted
as indicated by the dotted line.
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Chapter 9
Conclusions
This chapter summarises the new findings in the present work, followed by discussion
of future plans.
9.1 New findings
The present combination of deep inelastic reactions and time correlated  -ray
coincidence techniques, has allowed the establishment of new level schemes for
neutron-rich 182Ta and 183Ta, beyond the line of stability. Spins and parities
were established from angular correlations, internal conversion coe cients deduced
from intensity balances, and consideration of transition strengths. The structure
and configuration assignments have been established from the measured magnetic
properties and alignments of the observed rotational bands, as well as comparison
with multi-quasiparticle calculations.
Self-consistent calculations using adjusted Nilsson energies and Lipkin-Nogami
pairing were carried out to predict the possible configurations for multi-quasiparticle
states in neutron-rich tantalums nuclei from 181Ta to 185Ta. The predicted energies
showed a good agreement with observed states, typically within 300 keV.
Structures associated with the decay of two new isomeric states have been identified
above the previously known 1300 ns isomer in 183Ta [Shi09]. The 1300 ns isomer
was remeasured to be ⌧=1200(140) ns and the state has been assigned K⇡ = 19/2+.
The decay of two new higher-lying isomers with K⇡ = 29/2  and 41/2  has been
fully characterised, allowing identification of ten new intrinsic states, however no
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well-developed rotational stuctures have been observed.
Configurations for levels above the 19/2+ state up to the 41/2  state have been es-
tablished from the measured spins and parities and comparison with predicted multi-
quasiparticle states and configurations. A ⌫{1/2 [510]11/2+[615]} ⌦ ⇡9/2 [514]
configuration was proposed for the 19/2+ isomer, while ⌫{9/2 [624]11/2+[615]} ⌦
⇡9/2 [514] and ⌫{9/2+[624]11/2+[615]} ⌦ ⇡{9/2 [514]7/2+[404]5/2+[402]} config-
urations were established for the K⇡ = 29/2  and 41/2  isomers, respectively.
In the case of 182Ta, three new isomeric states have been identified to feed
towards the known [Hel71] K⇡ = 10  isomer. A rotational band built on the
10  isomer has now been observed and is fed by a new 14+, 356 ns isomer at
1950 keV with several intrinsic states above this isomer also identified. Firm
spins and parities have been established up to the 14+ isomeric state, however,
above this level, no firm spin and parity assignments were made. Two alternative
configurations for the 14+ state are predicted to lie close in energy to the observed
state at 1950 keV, while configuration assignments above this level remain tentative.
9.2 Physics summary
Most of the transition strengths measured in 182Ta and 183Ta are in good agreement
with expectations in the region, except for a few cases of E1 decays, in particular two
enhanced E1 decays in 183Ta. Both the calculations and experimental results suggest
a high density of intrinsic states occurs along the yrast line at high excitation energy
in both nuclei. This pattern seems to emerge in the more neutron-rich tantalum
isotopes resulting in a more complex level scheme that is di cult to interpret. There
are a few cases where the predicted yrast states are not observed experimentally in
both 182Ta and 183Ta.
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9.3 Future work
Some of the key questions and challenges that have arisen from the current results
are listed below.
• So far, it has not been possible to identify 184Ta in the current data, despite
observation of both of its neighbours.
• A number of higher-lying states still have unconfirmed spin and parities, and
have only tentative configuration assignments, mostly due to limited spectro-
scopic information.
• A number of favoured yrast states are predicted at high excitation energies
that are beyond the reach of the current experiment.
• Some of the measured transition strengths are anomalous.
• There are cases where low-lying states are predicted, but are unobserved in
the data.
The above observations clearly suggest that there is considerable scope for future
experiments and studies to improve the results.
Developments regarding future experiments are already in place. Previous ex-
periments by our research group including the current work, focused mainly on
the study of isomers, limiting the possibilities for prompt spectroscopy. A new
experiment is approved to run with GAMMASPHERE at the Argonne National
Laboratory and is tentatively scheduled to take place in the first half of 2016.
One of the main objectives is to improve the quality of the prompt data. This
will be addressed using unchopped beams and the digital data acqusition for
GAMMASPHERE to minimise the in-beam random rate, handle higher data rates,
and hence optimise the in-beam statistics.
It is planned to use deep inelastic reactions with 181Ta as a target as part of the
upcoming experiment. With 182,183,184Ta being just a few neutrons away from the
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181Ta target, the production cross-sections are expected to be higher for 181,182,183Ta
compared to the present results, although it is not clear whether the yield of 184Ta
will improve compared to the 186W target. Nevertheless, it is hoped that some of
the present problems may be resolved with the new data.
As a final note, the results of the present calculations predict favoured states at
high excitation energies that are beyond the present experimental reach. These
predictions remain to be tested by future experiments.
Appendices
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Appendix A
A.1 Properties of all   rays in 183Ta and 182Ta.
Tables A.1 and A.2 in this appendix summarise the properties of all the transitions
in 182Ta and 183Ta observed in the present work. These include the  -ray energies,
relative intensities, initial and final level energies and spins/parities, together
with the proposed multipolarities. The intensities are measured out-of-beam and
normalised relatives to the 73 and 448 keV  -rays intensities in 183Ta and 182Ta,
respectively.
A.2 Single and two-quasiparticle states in tung-
sten isotopes.
The low-lying, two neutron states known in even-even tungsten isotopes [Shi95,
Whe04, Whe98, Whe99a, Lan12, Lan15] between A=182 and A=186 are given in
Table A.3. These states are likely to contribute to the multi-quasiparticle states
in 181Ta, 183Ta and 185Ta. Single-neutron states known in odd-tungsten isotopes
that are likely to contribute to the multi-quasiparticle states in odd-odd tantalum
isotopes between A =180 and A =186 [Lin73, Sai00, Bon05, Shi08] are summarised
in Table A.4.
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Table A.1: Properties of transitions in 183Ta. The intensities are measured out-of-beam
relative to the 73.3 keV   ray.
E  I  Ei Ei K⇡i J
⇡
i K
⇡
f J
⇡
f Multipolarity
(keV) (keV) (keV)
22.7(2)a 27.0(18)b 1332 1309 192
+ 19
2
+ 13
2
  17
2
 
E1
53.9(2)a 1.3(3)b 2304 2250 272
+ 27
2
+
(252
+
)(252
+
) (M1)
63.6(2)a 2.7(5) b 3202 3139 352
+ 35
2
+
(332
+
)(332
+
) (M1)
73.3(1) 100.0(8) 73 0 92
  9
2
  7
2
+ 7
2
+
E1
110.3(2) 49.1(42) 1587 1477 232
+ 23
2
+ 21
2
  21
2
 
E1
133.1(1) 12.4(17) 3202 3069 352
+ 35
2
+ 33
2
  33
2
 
E1
144.6(2) 36.7(30) 1477 1332 212
  21
2
  19
2
+ 19
2
+
E1
153.0(2) 25.7(23) 3870 3717 412
  41
2
  39
2
+ 39
2
+
E1
158.2(2) 34.7(27) 232 73 92
  11
2
  9
2
  9
2
 
M1/E2
171.1(2) 36.4(28) 2475 2304 292
  29
2
  27
2
+ 27
2
+
E1
185.5(1) 5.7(11) 3139 2953 (332
+
)(332
+
) 312
+ 31
2
+
(M1)
185.7(2) 29.5(23) 417 231 92
  13
2
  9
2
  11
2
 
M1/E2
196.7(2) 18.6(16) 1102 906 132
  15
2
  13
2
  13
2
 
M1/E2
207.7(2) 50.4(35) 1309 1102 132
  17
2
  15
2
 
M1/E2
212.2(1) 10.2(11) 629 417 92
  15
2
  9
2
  13
2
 
M1/E2
237.7(1) 2.5(6) 867 629 92
  17
2
  9
2
  15
2
 
M1/E2
240.0(2) 18.5(18) 3717 3477 392
+ 39
2
+ 37
2
+ 37
2
+
M1
249.1(2) 15.8(16) 3202 2953 352
+ 35
2
+ 31
2
+ 31
2
+
E2
254.9(1) 15.1(15) 1587 1332 232
+ 23
2
+ 19
2
+ 19
2
+
E3
274.9(2) 20.9(19) 3477 3202 372
+ 37
2
+ 35
2
+ 35
2
+
M1
291.3(2) 23.0(20) 1878 1587 232
+ 25
2
+ 23
2
+ 23
2
+
M1/E2
319.1(2) 2794 2475 (312
+
)(312
+
) 292
  29
2
 
(M1)
337.0(1) 2641 2304 (292
 
)(292
 
) 272
+ 27
2
+
(M1)
343.4(1) 3.7(7) 417 73 92
  13
2
  9
2
  9
2
 
E2
382.9(2) 4882 4499 (432
+
)(452
+
) (432
+
)(432
+
) (M1)
395.1(2) 5277 4882 (432
+
) 472
+
(432
+
)(452
+
) (M1)
397.6(3) 2.1(7) 629 231 92
  15
2
  9
2
  11
2
 
E2
403.9(1) 10.0(12) 1309 906 172
  13
2
 
E2
425.7(1) 23.1(21) 2304 1878 272
+ 27
2
+ 23
2
+ 25
2
+
M1
442.5(3) 1.4(6) 1309 867 172
  9
2
  17
2
 
M1
449.9(1) 0.95(61) 867 417 92
  17
2
  9
2
  13
2
 
E2
(a) Energy of unobserved transition inferred from coincidence relationships.
(b) Intensity inferred from intensity balances.
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Table A.1 continued
E  I  Ei Ei K⇡i , J
⇡
i K
⇡
f , J
⇡
f Multipolarity
(keV) (keV) (keV)
465.4(3) 4.1(8) 1332 867 192
+ 19
2
+ 9
2
  17
2
 
E1
473.1(1) 1.4(12) 1102 629 152
  9
2
  15
2
 
M1
477.7(1) 10.6(16) 2953 2475 312
+ 31
2
+ 29
2
  29
2
 
E1
488.0(3) 2.4(7) 906 417 132
  9
2
  13
2
 
M1
593.5(1) 2.6(12) 3069 2475 332
  33
2
  29
2
  29
2
 
E2
629.2(2) 4499 3870 (432
+
)(432
 
) 412
  41
2
 
(M1)
648.8(1) 13.6(20) 2953 2304 312
+ 31
2
+ 27
2
+ 27
2
+
E2
663.2(2) 7.1(17) 2250 1587 (252
+
)(252
+
) 232
+ 23
2
+
M1
674.1(1) 5.1(12) 906 231 132
  9
2
  11
2
 
M1
680.0(2) 15.0(22) 1309 629 172
  9
2
  15
2
 
M1
685.0(2) 8.7(18) 1102 417 152
  9
2
  13
2
 
M1
717.1(3) 6.5(16) 2304 1587 272
+ 27
2
+ 23
2
+ 23
2
 
E2
832.2(1) 32.1(29) 906 73 132
  9
2
  9
2
 
E2
870.5(1) 30.7(28) 1102 231 152
  9
2
  11
2
 
E2
892.7(1) 28.0(26) 1309 417 172
  9
2
  13
2
 
E2
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Table A.2: Properties of transitions in 182Ta. The intensities are measured out-of-beam
relative to the 447.6 keV   ray.
E  I  Ei Ef K⇡i J
⇡
i K
⇡
f J
⇡
f Multipolarity
(keV) (keV) (keV)
58.7(1)a 16(2)b 3399 3341 (18 ) (18 ) (17+) (17+) (E1)
132.1(1) 34(23) 2082 1950 (14 ) (14 ) 14+ 14+ (E1)
143.2(1) 19.9(18) 2093 1950 (14+) (14+) 14+ 14+ M1
146.8(1) 78.3(38) 163 16 5+ 6+ 5+ 5+ M1/E2
171.8(1) 96.7(42) 334 163 5+ 7+ 5+ 6+ M1/E2
184.9(1) 68.2(35) 519 334 10  10  5+ 7+ E3
245.3(1) 5.2(10) 1950 1705 14+ 14+ 10  (14 ) E1
266.7(1) 75.0(35) 786 519 10  11  10  10  M1/E2
277.8(1) 30.4(20) 2762 2484 (18+) (18+) (16+) (16+) (E2)
287.3(1) 20.9(17) 1073 786 10  12  10  11  M1/E2
293.1(1) 94.1(41) 2243 1950 15+ 15+ 14+ 14+ M1
306.8(1) 35.8(22) 1380 1073 10  13  10  12  M1/E2
318.4(1) 16.0(14) 334 16 5+ 7+ 5+ 5+ E2
324.8(1) 2.4(9) 1705 1380 10  14  10  13  M1/E2
345.9(1) 31.1(21) 2588 2243 15+ (16+) 15+ (15+) M1/E2
356.4(1) < 2.4 519 163 10  10  5+ 6+ M4
362.9(1) 37.5(23) 2951 2588 15+ (17+) 15+ (16+) M1/E2
391.0(1) 28.4(20) 2484 2093 (16+) (16+) (14+) (14+) (E2)
447.6(1) 100.0(46) 3399 2951 (18 ) (18 ) 15+ (17+) (E1/M2)
467.8(1) 9.2(14) 2951 2484 15+ (17+) (16+) (16+) (M1)
495.8(1) 11.4(16) 2588 2093 15+ (16+) (14+) (14+) (M1)
553.9(1) 19.0(19) 1073 519 10  12  10  10  E2
570.2(1) 98.0(47) 1950 1380 14+ 14+ 10  13  E1
594.1(1) 56.7(33) 1380 786 10  13  10  11  E2
631.7(1) 5.8(14) 1705 1073 10  14  10  12  E2
637.5(1) 22.9(22) 3399 2762 (18 ) (18 ) (18+) (18+) (E1)
708.6(1) 56.0(35) 2951 2243 15+ 17+ 15+ 15+ E2
1097.7(1) 20.7(26) 3341 2243 (17+) (17+) 15+ 15+ (E2)
(a) Energy of unobserved transition inferred from coincidence relationships.
(b) Intensity inferred from intensity balances.
§A.2 Single and two-quasiparticle states in tungsten isotopes. 173
Table A.3: Low-lying, two-neutron states known in 182W [Shi95], 184W [Whe04, Lan12,
Lan15] and 186W [Whe98, Whe99a, Lan12]. These states are likely to contribute to the
multi-quasiparticle states in 181Ta, 183Ta and 185Ta, respectively.
Nucleus K⇡ Configuration Eexp
(keV)
182W 4  9/2+[624]⌦1/2 [510] 1553
5  9/2+[624]⌦1/2 [510] 1810
6  9/2+[624]⌦3/2 [512] 1830
8  9/2+[624]⌦7/2 [503] 2120
10+ 9/2+[624]⌦11/2+[615] 2230
184W 2+ 3/2 [512]⌦1/2 [510] 1386
3+ 1/2 [510]⌦7/2 [503] 1425
5  11/2+[614]⌦1/2 [510] 1285
7  11/2+[614]⌦3/2 [512] 1502
10+ 11/2+[614]⌦9/2+[624] 2479
186W 7  11/2+[614]⌦3/2 [512] 1517
9  11/2+[614]⌦7/2 [503] 2118
10  11/2+[614]⌦9/2 [505] 2286
Table A.4: Single-neutron states known in odd-tungsten isotopes that are likely to con-
tribute to the multi-quasiparticle states in odd-odd tantalum isotopes between A =180
and A =186 [Lin73, Sai00, Bon05, Shi08].
Isotope 181W 183W 185W 187W
⌦⇡ (keV) (keV) (keV) (keV)
1/2 [510] 458 0 24 146
3/2 [512] 726 209 0 0
7/2 [503] 661 453 244 350
9/2+[624] 0 623 716 798
11/2+[615] - 310 197 410
9/2 [505] - - 785 364
5/2+[512] 366 905 889 -
1/2 [521] 385 935 1006 -
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B.1 Published results on 183Ta
This appendix present a published paper (conference proceedings) on some of the
preliminary results for 183Ta [Pal12]. The results were presented at the annual Heavy
Ion Accelerator Sympsium (HIAS) held in April 2012 at the Australian National
University. The results have been published in EPJ web of conferences.
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Decay of a three-quasiparticle isomer in the neutron-rich nucleus 183Ta
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Abstract. Excited states in neutron-rich tantalum isotopes have been studied with deep-inelastic reactions
using 136Xe ions incident on a 186W target. New transitions observed below the ⌧=1.3 µs isomer in 183Ta have
enabled the establishment of its energy and put limits on the spin and parity. On the basis of the reduced hin-
drances for the depopulating transitions, a 3-quasiparticle configuration of ⌫1/2 [510]11/2+[615]⌦⇡9/2 [514]
is suggested.
1 Introduction
Nuclei in regions far from closed shells are known to have
non-spherical equilibrium shapes which are either oblate,
or, more usually, prolate. The single particle energy levels
in these nuclei depend on the component of the nucleon
angular momentum (denoted by jz = ⌦) along the sym-
metry axis. These components can be summed over the
valence nucleons to give a quantum number K =
P
i⌦i
that is nominally conserved. Nuclei around mass-180 ex-
hibit metastable states known as K-isomers [1,2], that form
when states with high K values can only decay via tran-
sitions whose multipole order   is less than the change in
K, thus violating the K-selection rule,  K   . Such tran-
sitions are, in principle, forbidden, with the forbiddenness
characterised by ⌫= K- .
Experimental access to K-isomers that are expected to
occur in the neutron-rich region has been limited by the
lack of stable beams and targets that can populate them us-
ing conventional fusion-evaporation reactions. Recently,
K isomers in the neutron-rich hafnium, lutetium and tung-
sten isotopes [3–8] have been studied using more exotic
techniques such as deep-inelastic reactions [9] and rela-
tivistic fragmentation [10]. The present report focusses on
the tantalum isotopes and, in particular, on 183Ta.
The heaviest stable tantalum nucleus is 181Ta and lit-
tle is known concerning high spin states in isotopes heav-
ier than 183Ta, except for the decay of the K⇡=21/2  iso-
mer in 185Ta [11,12]. Recently, Shizuma et al [13] in-
vestigated 183Ta using the 181Ta(18O 16O)183Ta transfer
reaction and reported the decay from a new isomeric
state with a 1.3 µs lifetime. The tentative spin, parity and
configuration assignments were based on the assumption
that an unobserved transition depopulated the isomer. At
present no information on high spin states is available for
184Ta. The current work aims to extend the level schemes
for these neutron-rich tantalum nuclei to high-spin us-
ing deep-inelastic reactions. This forms part of an ongo-
ing program to explore the structures of well deformed
a e-mail: nyaladzi.p@gmail.com
neutron-rich nuclei (see, for example, [4,6,7,14,15] and
references therein). In the current work, additional transi-
tions below the 1.3 µs isomer in 183Ta have been identified,
so that the energy and likely multipolarity of the unob-
served transition, and hence the energy and the configura-
tion for the isomer, have been obtained.While states above
the isomer have also been observed, including two new
isomers, and  -rays possibly associated with 184Ta have
been identified, the analysis of these is still in progress
and will not be discussed in the present report.
2 Experimental Methods
The current results are from data collected at Argonne Na-
tional Laboratory using Gammasphere with 99 Compton-
suppressed HPGe detectors in operation. A beam of
840 MeV 136Xe ions from the ATLAS accelerator was in-
cident on a 99% enriched 186W target with a gold back-
ing. This reaction is expected to populate tantalum nuclei
from A⇡182 to A⇡187. The experimental measurements
involved a variety of macroscopic beam pulsing condi-
tions, ranging from microseconds to seconds, to enable
identification of isomers with a range of lifetimes. The
data were gain-matched o✏ine for each individual detec-
tor and sorted into a Blue database [16] for time correlated
coincidence analysis.
3 Experimental Results
3.1 183Ta level scheme
Several gate combinations were set in the out-of-beam
time region on  -rays below the isomer in 183Ta. All the
known  -rays from Ref. [13] were observed, together with
new J!J transitions at 488, 473 and 442 keV that decay
from the 13/2  band to the 9/2  band. The new transi-
tions extend the decay pattern expected for the 13/2  band
if it were to be the 9/2  configuration coupled to the  -
vibration, as already suggested by Shizuma et al [13]. In
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Fig. 1. (a) and (b) Coincidence spectra projected from the out-of-beam           coincidence cube double gated on 158/238 and
158/465 keV transitions, respectively. Spectrum (a) shows the new 442 and 465 keV transitions, while spectrum (b) demonstrates that
they arise from parallel decay paths. (c) Delayed  -ray spectrum showing the transitions that follow the decay of the 1.3 µs isomer (see
text for details). Contaminants due to inelastic neutron excitation in 72Ge are labelled.
Fig. 2. Level scheme for 183Ta including new transitions that establish the energy of the unobserved 23 keV transition.
addition, a 465 keV direct decay from the isomer was
identified. A representative double-gated spectrum com-
prising gates on known transitions in the 9/2 [514] band
(158 and 238 keV) is shown in Figure 1.
The level scheme for 183Ta below the 1.3 µs isomer as
deduced from the coincidence information is illustrated in
Figure 2. The structure below the isomeric state reported
by Shizuma et al [13] is confirmed, and new transitions
included. The spectrum in Figure 1(b) demonstrates that
two of the new transitions are parallel and implies that the
465 keV transition directly depopulates the isomer. From
this information, the energy of the unobserved transition
previously proposed in Ref. [13] is deduced to be 23 keV.
By double-gating on transitions below the isomer and
projecting the  -rays that precede it in time, a new set of
feeding  -rays was identified. While these  -rays are not
presented here, they were used to isolate the delayed  -
rays emitted below the 1332 keV state. The 200 to 800 ns
delayed spectrum in Figure 1(c) was used to deduce the
 -ray intensities for decay branches out of the isomer.
4 Discussion
The ground state band is known to be formed from the
7/2+[404] orbital, while the first excited band is built on
the 9/2 [514] intrinsic state. The 13/2  bandhead is sug-
gested in Ref [13] to be a  -vibration coupled to the 9/2 [514]
state. Therefore, the following discussion is focused on
the establishment of the spin, parity and single-particle
configuration for the 1332 keV isomer.
4.1 Spin assignment for the 1332 keV state
To determine the multipolarity of the 23 keV transition,
several possible spins and parities for the 1332 keV state
were assumed. For each case, the implied multipolarities
of the 23 and 465 keV transitions were deduced, and  -
ray intensities were determined based on measured  -ray
intensities, intensity balances and internal conversion co-
e cients. The transition strengths and reduced hindrances
for the 465 and 23 keV transitions thus obtained are shown
in Table 1. Since E1 transitions are already hindered by
large factors, the reduced hindrances for E1 transitions
were calculated both with (italics) and without an addi-
tional factor of 104 in the nominal single particle hin-
drance. In the absence of competing mechanisms for en-
hanced decays, extreme values of the reduced hindrances
can be used to rule out the assumed spin and parity.
At first glance, reasonable values for the reduced hin-
drances (expected range 30-300) are only obtained for
a 19/2  assignment to the isomeric state. However, for
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Table 1. Transition strengths and corresponding reduced hindrances for the 465 and 23 keV transitions, assuming alternative spins and
parities for the 1.3 µs isomeric state.
I⇡   E  (keV) I  ↵T B (W.u) ⌫ f⌫
19/2  M1 (22.7)a (74.3)b 5.771⇥101 3.46⇥10 5 2 170
M1 465.4 100 6.282⇥10 2 5.42⇥10 9 4 117
19/2+ E1 (22.7)a (884.1)b 0.3932⇥101 3.92⇥10 6 2 505 / (5.1) c
E1 465.4 100 7.991⇥10 3 5.17⇥10 11 4 373 / (37) c
21/2+ M2 (22.7)a (0.494)b 8.834⇥103 1.94⇥101 2 0.23
M2 465.4 100 2.004⇥10 1 1.09⇥10 3 4 5.5
21/2  E2 (22.7)a (1.16)b 3.758⇥103 4.35⇥10 1 2 1.5
E2 465.4 100 2.417⇥10 2 1.04⇥10 5 4 18
a Energy of unobserved transition.
b Intensity of unobserved transition inferred from intensity balance and implied conversion coe cients.
c Entries in italics include a normalisation factor of 104 (see text for details).
J⇡=19/2  there are potential E2 transitions of 703 and
230 keV that should directly depopulate the isomer and
feed the 629 and 1102 keV states, respectively. Such tran-
sitions were not observed in any of the (various) out-of-
beam, double-gated spectra or in the delayed spectrum in
Figure 1(c). Hence, upper intensity limits were deduced,
giving limits on the reduced hindrances for the possible
703 and 230 keV transitions of f⌫ >103 and f⌫ >6900 re-
spectively. The latter limit e↵ectively rules out the 19/2 
assignment. The 21/2+ possibility can be ruled out on the
basis of the very low values of the reduced hindrances for
both the 465 and 23 keV transitions that fall outside the
expected range mentioned above.
For the 21/2  alternative, both notional E2 decays of
23 and 465 keV are fast, however, they could have been
enhanced by mixing between the isomer and the 21/2 
state in the 9/2  band, resulting in the low reduced hin-
drances. If the entire strength of the 465 keV transition
were due to a collective admixture of the K⇡ = 9/2  wave-
function into the isomeric state wavefunction, a mixing
matrix element of 23 eV would be implied, as deduced us-
ing the method described in [7], a reasonable value. How-
ever, in this scenario, there should also be a 203 keVM1/E2
transition from the isomer to the known 19/2  band mem-
ber at 1131 keV [13], with a branching ratio relative to the
465 keV transition that is consistent with the collective
properties expected (and observed) in the 9/2 [514] band.
Table 2 presents the corresponding magnetic moment
properties deduced from the measured crossover/cascade
intensity ratios within this band. The values deduced
for |gK   gR| are consistent with the previous measure-
ment [13], theoretical expectations (gK = 1.29 for the
9/2 [514] configuration and gR ⇠ 0.35) and with branch-
ing ratios in the same band in the neighbouring nucleus,
185Ta [11,12]. For the decays from the isomer to reproduce
the average |gK   gR| for the inband decays, the intensity
ratio   = I ( I = 2; 465)/I ( I = 1; 203) would have to
be 1.07(13). The observed limit is   > 2.57. While this
tends to discount the 21/2  possibility, it still cannot be
ruled out.
The remaining possibility for the spin assignment is
19/2+. Given the known variability in E1 strengths, the
measured reduced hindrances for the 23 and the 465 keV
transitions are within acceptable limits, as are the limits
for the possible 703 and 230 keV M2 transitions of f⌫ >22
and f⌫ >67, respectively. Based on the above discussions,
it can be concluded that 19/2+ or 21/2  are the likely as-
signments for the 1.3 µs isomer.
4.2 Configuration assignment
Given the excitation energy of the isomer, a 3-quasiparticle
configuration is probable. In the light odd mass tantalum
isotopes, 21/2  isomers are observed systematically across
the isotopic chain. Their nature is discussed in detail by
Kondev et al [17] for isotopes with A179, while the iso-
mer persists into 181Ta [18,19]. Although mixing of spe-
cific configurations is likely, particularly for the A=179
case [17], a three-proton configuration is a possible can-
didate for the isomer configuration in 183Ta. Note that in
185Ta, the 17 ms, 21/2  isomer has been assigned as the
⇡7/2+[404]⌦ ⌫3/2 [512] 11/2+[615] configuration in [11],
however, the three proton configuration has also been sug-
gested as an alternative [21] based on the transition strength
systematics. In 183Ta, all possibilities must be considered,
including the fact that 19/2+ appears to be the more likely
spin and parity assignment.
The neutron states most likely to be involved in the
configuration can be determined by examining the low-
lying spectrum of excited states in the nearby odd-mass
tungsten isotopes, especially 183W [20] and 185W [22].
The ground state in 183W is formed from the 1/2 [510] in-
trisic state, with the 3/2 [512] state only 209 keV higher.
This situation is reversed in 185W, with the 1/2 [510]
level at an excitation energy of only 24 keV, while the
11/2+[615] state lies at 310 and 197 keV in 183W and
185W, respectively. The 7/2 [503] and 9/2+[624] levels
are higher in energy and therefore are not expected to
Table 2. Measured in-band branching ratios for the 9/2 [514]
band in 183Ta, together with inferred gyromagnetic ratios.
J⇡i E  E   
a |gK   gR|b
(I ! I   1) (I ! I   2)
(keV) (keV)
13/2  186 343 0.14(3) 0.83(9)
15/2  212 397 0.25(4) 0.93(7)
17/2  238 450 0.45(6) 0.89(6)
weighted avg: 0.89(4)
a   = I (I ! I   2)/I (I ! I   1).
b Calculations assume a value of Q0=6.5 eb.
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Table 3. Expected low-lying 3-quasiparticle configurations.
K⇡ Configurationsa Eqp Eres Ecal
(keV) (keV) (keV)
19/2  ⌫1/2  11/2+ ⇡7/2+ 1930 +263 2193
17/2  ⌫(1/2 ) 11/2+ ⇡7/2+ -137 1793
21/2+ ⌫1/2  11/2+ ⇡9/2  2097 -64 2033
19/2+ ⌫(1/2 ) 11/2+ ⇡9/2  -222 1875
21/2  ⌫3/2  11/2+ ⇡7/2+ 1984 -138 1846
23/2+ ⌫3/2  11/2+ ⇡9/2  2151 -216 1935
21/2  ⇡5/2+ 7/2+ 9/2  1406 -77 1329
a Neutrons: 1/2 : 1/2 [510]; 3/2 : 3/2 [512];
11/2+: 11/2+[615]. Protons: 5/2+: 5/2+[402]; 7/2+: 7/2+[404];
9/2 : 9/2 [514]. An orbital in brackets, e.g. (1/2 ), refers to an
anti-parallel coupling.
take part in the formation of low-lying two-neutron one-
proton states in odd-mass tantalum nuclei. As discussed
above, the ⇡5/2+[402]7/2+[404]9/2 [514] configuration
will also be competitive in energy.
To quantify the situation, preliminary multi-
quasiparticle calculations were performed for 183Ta,
as well as for 181Ta and 185Ta to investigate the isotopic
dependence. The results are illustrated in figure 3,
and the detailed energies for 183Ta are given in ta-
ble 3. The calculated energy dependence for the
⇡5/2+[402]7/2+[404]9/2 [514], 21/2  state is flat
(labelled F in figure 3). The 21/2  state from the
⌫3/2 [512]11/2+[615] ⌦ ⇡7/2+[404] configuration
(labelled G) comes down in energy with increasing
mass number, becoming more competitive in 185Ta. If
the state in 183Ta were to be 21/2 , it would have the
⇡5/2+[402]7/2+[404]9/2 [514] configuration. However,
the energy of the the 19/2+ state in 183Ta (1875 keV in
table 3) is clearly over-estimated in the calculation given
that the 5  two neutron component of the configuration is
observed in the N=110 isotone, 184W, at 1285 keV [23].
If the state in 183Ta were to be 19/2+, this would imply
that ⌫1/2 [510] 11/2+[615] ⌦ ⇡9/2 [514] is the likely
configuration.
To distinguish between these possibilities requires ei-
ther better spectroscopic information for the 465 keV di-
rect decay, or observation of the characteristic band struc-
ture above the isomer. However, preliminary analysis of
the states above the isomer does not result in a well devel-
oped band structure. This is perhaps not unexpected given
the high density of intrinsic states predicted to occur in the
vicinity of the isomer, as shown in figure 3.
5 Conclusion
Excited states in neutron-rich tantalum isotopes have been
studied using deep-inelastic reactions between a 136Xe
beam and a 186W target. The energy of the isomeric state
in 183Ta previously reported by Shizuma et al [13] has now
been established on the basis of a  -ray transition that di-
rectly depopulates it. The measured reduced hindrances
for the depopulating transitions support either a 19/2+
or 21/2  assignment. The 19/2+ possibility is currently
favoured, in which case a 3-quasiparticle ⇡9/2 [514] ⌦
⌫1/2 [510]11/2+[615] configuration is suggested.
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